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ABSTRACT
Significant resistance to malathion and resmethrin was found in insecticide- 
treated field populations o f adult Culex quinquefasciatus, Say, compared with a 
laboratory and non-treated field strain. Resistance to both insecticides varied during the 
active control season and was associated with the frequency of insecticide application. 
Geographic variations in resistance levels were noted, and significant differences 
occurred between separate populations within the same mosquito control districts.
Four model substrates were assessed for their suitability in detecting elevated 
esterase activity associated with malathion resistance. Esterase activities towards all 
substrates were significantly higher in field stains than a laboratory strain. Esterase 
activities toward the widely used substrates, a  and P-naphthyl acetates, were equivalent 
or significantly higher than activities toward the alternative substrates a  and P-naphthyl 
propionates, suggesting that the naphthyl acetates provide a more sensitive measure of 
esterase activities in mosquito populations.
Synergist and biochemical assays were used to study mechanisms associated 
with malathion and resmethrin resistance in field populations of Cx. quinquefasciatus. 
Pretreatment with an esterase inhibitor (DEF) significantly reduced malathion 
resistance. Resmethrin resistance was completely suppressed in mosquitoes pretreated 
with the oxidase inhibitor, piperonyl butoxide. Results o f biochemical assays suggest 
the involvement o f enhanced esterase and oxidase activities in malathion and 
resmethrin resistance, respectively. Additionally, malathion resistance was associated 
with reduced inhibition of acetylcholinesterase (AChE), the target site of
ix
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organophosphate and carbamate insecticides. Selection with malathion resulted in a 
significant increase in esterase activities and reduced AChE inhibition.
The effects of developmental stage, sex, age, and blood feeding on expression of 
malathion and resmethrin resistance was also evaluated. Significant variations in 
resistance and expression o f resistance mechanisms occurred between larvae and adults 
and male and female adults. In female Or. quinquefasciatus, malathion resistance 
declined with age and was associated with a decrease in esterase activity. Resmethrin 
resistance also declined with age, but was not related to a reduction in peroxidase 
activity. Results o f this study indicate that life history characteristics can have 
significant effects on the expression of insecticide resistance and suggests that their 
impact on field control should be further evaluated.
x
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CHAPTER 1 
INTRODUCTION 
Classification and Nomenclature
Culex quinquefasciatus (Diptera: Culicidae), the southern house mosquito, was 
first described by Thomas Say in 1823, but until the late 1970’s, was often referred to 
as Cx. fatigans Wiedmannan 1828 (Belkin 1977, Sirivanakam and White 1978). Cx. 
quinquefasciatus is closely related to the northern house mosquito, Culex pipiens L. 
1758, and has been variously classified as a subspecies (Cx. pipiens quinquefasciatus) 
o f the Cx. pipiens species complex, a separate species, and a geographical race 
(Sirivanakam and White 1978, Barr 1982, Harbach et. al. 1985). Cx. pipiens is found 
in cooler temperate regions and tropical highlands, while Gr. quinquefasciatus occurs 
in warmer, tropical and subtropical regions (Barr 1982).
Studies have demonstrated significant genetic flow between Cx. pipiens and Cx. 
quinquefasciatus in overlapping geographical regions and hybridization is known to 
occur in the Madagascan plateau (Urbanelli et al. 1995) and between 36° and 39° North 
latitude in North America (Barr 1957). The mosquito Cx. pipiens pallens Coquillet 
1898, the predominate Culex species found in Japan, possesses intermediate 
characteristics of both Cx. pipiens and Cx. quinquefasciatus and is thought to be a 
hybrid of the two (Tanaka et al. 1979). New technologies have added to the debate 
with the identification of shared genetic markers supporting the subspecific 
nomenclature o f Cx. pipiens quinquefasciatus (Miller et. al.1996). However, Crabtree 
et. al. (1997) identified a 600 bp DNA sequence unique to Cx. pipiens and have 
developed a PCR assay that clearly separates between Gt. pipiens and Cx.
1
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quinquefasciatus. The classification of Cx. quinquefasciatus will likely continue it’s 
fluctuation, but the author will follow the currently accepted designation of Cx. pipiens 
and Cx. quinquefasciatus as separate species (Bosik 1997).
Medical Importance 
As a vector o f pathogenic organisms, Cx. quinquefasciatus has a tremendous 
impact on human and animal health. This mosquito species is globally distributed in 
subtropical and tropical regions and has been shown to be a major developmental host 
and vector of Wuchereria bancrofti (Cobbold), the primary causative agent of human 
lymphatic filariasis (Harwood and James 1979, White 1989). W. bancrofti is endemic 
in 80 countries where it infects at least 1 2 0  million people resulting in damage to the 
lymphatic and renal systems and can cause the physically deforming disease 
elephantiasis (WHO 1999). Lymphatic filariasis is the second leading cause o f long­
term and permanent disability in the world resulting in considerable social, health, and 
economic impact (WHO 1999). Due to the international importance of filariasis, the 
disease is one of seven targeted by the World Health Organization for global control 
and/or eradication (WHO 1999).
Whereas W. bancrofti is not endemic to the United States, another filariid of 
veterinary importance, Dirofilaria immitis (Leidy), the causative agent o f dog 
heartworm, is enzootic and is transmitted by Cx. quinquefasciatus (Villavaso and 
Steelman 1970). According to a recent survey o f  California veterinarians, it was 
determined that $53 million is spent annually for the treatment and control of dog 
heartworm in a state where D. immitis infections are rare (Hinkle 1998). Although no 
information has been compiled for other regions of the country, the direct and indirect
2
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costs of dog heartworm are presumably significant, particularly in the southeastern 
states where infection rates are higher. The incidence of D. immitis infection in humans 
is rare, but can result in a non-fatal condition known as Human Pulmonary 
Dirofilariasis (Shah 1999).
Cx. quinquefasciatus is also involved in the transmission of several arboviruses 
including St. Louis, West Nile, Western Equine, and Venezuelan Equine Encephalitis 
(Hayes 1993, Kettle 1995). St. Louis Encephalitis (SLE) is widely distributed 
throughout the continental U.S and is enzootic in a variety o f avian species (McLean 
and Bowen 1980). SLE is the most important arbovirus in the U.S. with an average o f 
193 confirmed cases annually and a case-fatality rate of 5-15%, (CDC 1999a). 
Between 1964 and 1998, there were 4,437 confirmed cases o f SLE reported to the 
Centers for Disease Control and Prevention (CDC); however, it is believed that less 
than 1% of cases are clinically apparent and few clinical cases are correctly diagnosed 
resulting in a considerably higher infection rate (Monath 1991, CDC 1999a). The last 
major epidemic o f SLE occurred in 1975 resulting in more than 2000 reported cases 
and 171 confirmed fatalities (Johnson 1990). The most recent outbreaks have occurred 
in Florida (1990) and Louisiana (1998) with 223 cases (11 fatal) and 19 cases, 
respectively (CDC 1999b).
Biology
Female Cx. quinquefasciatus preferentially oviposit in drainage ditches, septic 
ponds, containers, and many persistent water sources with a high organic content and 
pH ranges o f 6 . 6  to 9.5 (Laird 1988). Eggs are laid in rafts on the water surface and 
rapidly succumb to desiccation if removed (Nasci and Miller 1996). The length o f the
3
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life cycle is temperature dependent, but embryonic development is completed and the 
larvae emerge within 24 to 36 hours o f oviposition. There are four instars that occur 
within 7 to 14 days post emergence (Kettle 1995). Larvae are typical culicine form 
possessing a long respiratory siphon with hydrofuge hairs. They hang suspended under 
the water surface feeding on microorganisms and organic matter (Merritt et al. 1992). 
The fourth instar is followed by a non-feeding, motile pupal stage that lasts 
approximately two days (Harwood and James 1979). Adult mosquitoes can fly within 
10-15 minutes o f eclosion and females are sexually receptive within two days (Nasci 
and Miller 1996). Female Cx. quinquefasciatus generally mate once (Craig 1967) and 
both male and female adults seek out nectar sources for a carbohydrate supply (Nayar 
and Sauerman 1975). Gonotrophic development requires a blood meal, with adult 
females utilizing a variety o f hosts (Horsfall 1972, Irby and Apperson 1988). Studies in 
urban areas o f Louisiana have shown that the major blood sources are canines, birds, 
and humans (Niebylski and Meek 1992). Within two to seven days o f blood feeding, 
gonotrophic development is complete and females select a suitable site for oviposition 
(Nasci and Miller 1996).
Control
The vector and nuisance potential o f Cx. quinquefasciatus and the mosquito’s 
ability to thrive in urban environments results in this species being specifically targeted 
by control operations. Control measures for Cx. quinquefasciatus vary with geographic 
and political boundaries, but the three main components involve a) physical, 
environmental, or mechanical modifications, b) traditional biological control, and/or c) 
chemical control. The first component is referred to as “source reduction” and is
4
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directed primarily at the habitat o f the immature stages. It involves such practices as 
improving drainage, removing old tires, improved sanitation and hygiene, or the use of 
polystyrene beads to reduce water surface area in pit latrines (Service 1983, Hayes 
1993). Because of its preference for highly polluted waters in which predators have 
difficulty surviving, biological control of the immature stages is less successful with 
Cx. quinquefasciatus, but can involve the use o f the mosquito fish, Gambusia ajfinis 
Baird, the guppy, Poecilia reticulata Jordan, or various copepods and predatory insects 
(Service 1983, Marten and Bordes 1993).
The application o f insecticides is the most common control strategy employed 
against both the adult and immature stages. Larval Cx. quinquefasciatus are targeted 
by a variety of compounds. Oils and monomolecular films are used to disrupt water 
surface tension and block larval air tubes. In particular situations, these compounds can 
be highly effective with little impact on non-target organisms (Levy et al. 1981, Mulla 
et al. 1983). However, even with their tracheal systems completely filled with oil, 
larval Cx. quinquefasciatus have been shown to survive (44-83%) and complete 
development by utilizing cuticular respiration (Micks and Rougeau 1976). 
Conventional insecticides like the organophosphates (OPs; e.g., temephos, fenthion, 
and chlorpyrifos) are also used to control larvae, but concerns of resistance and 
environmental impact have reduced their application in the U. S. (Pierce et al. 1989, 
DeSilva et al. 1997). The insect growth regulator methoprene and biopesticides based 
on the insecticidal proteins o f Bacillus thruingiensis var. israelinsis Berliner, and B. 
sphaericus Meyer and Neide, are commonly employed against Cx. quinquefasciatus in 
the U.S (WHO 1992, Marten and Bordes 1993, and Meisch 1993). These products are
5
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often highly effective but can be limited by low environmental persistence, application 
logistics, and potential resistance (Marten and Bordes 1993, Georghiou and Wirth 
1997, Siegel and Novak 1997).
Regardless of the tactics employed, complete control o f the larval stages o f  Cx. 
quinquefasciatus is impossible and adults must be managed. Suppression of adults 
relies solely on the application of synthetic insecticides and includes a number of 
insecticide classes. Chlorinated hydrocarbons such as DDT and hexachlorobenzene 
were widely used in the U.S. during the post-war era and are still utilized in other 
countries as the mainstay of malaria and vector control programs (WHO 1992, Palchick 
1996). In the U. S., only two insecticide classes are registered for adult mosquito 
control. They include the OPs like malathion, naled, and chlorpyrifos, and pyrethroids 
such as allethrin, permethrin, and resmethrin (Meisch 1993). Newer pyrethroids like 
ETOC™ (2 methyl-4-oxo-3-(2-propynyl) cyclopent-2-enyl chrysanthemate) and lambda 
cyhalothrin are also being tested for efficacy in vector control (Palchick 1996). 
However, when compared to other insecticide markets, insecticides available for 
mosquito management are limited and few new products are likely to be registered. In 
addition, there is potential loss o f several o f these insecticides subsequent to 
Environmental Protection Agency review (Brown 1999).
With limited insecticide options, any reduction in an insecticide’s control 
efficacy related to insecticide resistance becomes a primary concern. This is 
particularly true in vector control programs where insecticide resistance can contribute 
to the emergence or reemergence of vector-borne diseases resulting in serious social, 
financial, and public health disruption (WHO 1992, Brogdon and McAllister 1998).
6
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Insecticide Resistance and Resistance Mechanisms
Insecticide selection pressure increases the genetic frequency o f one or more 
preadaptive mechanisms resulting in populations of insects that can withstand increased 
levels o f toxicant exposure (Oppenoorth 1985, Sawicki 1987). Termed resistance, this 
phenomenon has been documented in all major disease vectors including fleas, ticks, 
lice, and over 95 culicine and anophiline mosquitoes (WHO 1992). With Cx. 
quinquefasciatus, insecticide resistance to different OPs and pyrethroids has been 
documented from various geographic areas including Louisiana (Steelman and Devitt 
1976, Raymond et al. 1987, WHO 1992, Bisset et al. 1997, Meek and Meisch 1997). 
To counteract the development or occurrence of insecticide resistance, resistance 
management strategies, such as alternating or mixing insecticides, increasing or 
decreasing application rates, and the use of synergists, are frequently employed (Croft 
1990). However, mechanisms associated with insecticide resistance vary in the levels 
of resistance or cross-resistance they confer and before resistance management 
strategies are implemented, it is important to identify the potential resistance 
mechanisms involved (Scott 1990).
Several insecticide resistance mechanisms have been identified and can be 
categorized as either behavioral or physiological (Oppenoorth 1985, Sparks 1989, Scott 
1990). Behavioral resistance is the least studied resistance mechanism, but has 
considerable potential impact (Sparks 1989). It involves any behavior that removes the 
insect from a lethal exposure to the insecticide and, could be due to a preference for 
habitats that are outside of the treatment area or an avoidance o f  treated areas due to an 
increased sensitivity to the insecticide (Sparks 1989). Although difficult to quantify in
7
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the field, behavioral resistance is believed to be a factor in malaria control programs 
when adult Anopheles avoid structures or surfaces treated with DDT or bednets treated 
with pyrethroids (WHO 1992, Brogdon and McAllister 1998).
Physiological resistance involves any barrier or processes such as transport, 
metabolism, sequestration, and excretion that prevents the insecticide from reaching its 
target site and can involve alterations at the target site itself (Brooks 1976, Oppenoorth 
1985). Reduced insecticide penetration is one physiological mechanism that 
theoretically, can occur at any biological membrane but has only been demonstrated at 
the cuticular level (Scott 1990). Alone, reduced penetration is considered a minor 
mechanism but the effects can be magnified when it occurs in conjunction with one or 
more additional physiological mechanisms (Brooks 1976, Oppenorth 1985).
Additional physiological resistance mechanisms were identified after 
preliminary investigations found that inducible, broad-spectrum enzymes present in 
insects may play a role in reduced insecticide susceptibility (Plapp and Wang 1983). 
Further research demonstrated that the potency o f an insecticide could be drastically 
reduced by a change in the quantity or quality o f enzymes involved in conjugative, 
oxidative, and hydrolytic reactions, or by alterations in the target site (Oppenoorth 
1985). The glutathione ^-transferases (GSTs) are a group of enzymes that conjugate 
insecticides and other xenobiotics with glutathione resulting in a more water soluble 
product (Soderlund and Bloomquist 1990). GSTs exist in several molecular forms and 
have been shown to be an important resistance mechanism for OPs and DDT 
(Dauterman 1983, Oppenoorth 1985). This mechanism has been detected in OP- and 
DDT-resistant Anopheles in Thailand (Prapanthdara et al. 1996) and Africa
8
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(Prapanthdara et al. 1993, Brogdon and Barber 1990), and DDT resistant Cx. 
quinquefasciatus in Saudi Arabia (Amin and Hemingway 1989).
The oxidative enzymes known as cytochrome P4so-dependent monooxygenases 
or mixed-funtion oxidases (MFOs) are another enzymatic group associated with 
insecticide resistance (Oppenoorth 1985). Like GSTs, MFOs catalyze reactions that 
result in products with increased water solubility thereby promoting excretion. They 
have been implicated in resistance for all insecticide classes with the exception of 
cyclodienes (Soderlund and Bloomquist 1990). In Cx. quinquefasciatus, enhanced 
MFO activity is commonly found in pyrethroid-resistant populations and has been 
detected by the use of synergists and biochemical assays (Brogdon et al. 1997, Chandre 
etal. 1998, Kasai e tal. 1998).
The third group of enzymes involved in physiological resistance are hydrolytic 
and broadly classified as esterases. Esterases have been shown to have a significant 
effect on the detoxication of OP, carbamate, and pyrethroid insecticides (Dauterman 
1985). In mosquitoes, numerous studies have demonstrated a correlation between 
decreased sensitivity to OPs and elevated esterase activity detected by the use of 
synergists or enhanced metabolic activity on model substrates like a  and P-naphthyl 
acetate (aN A  or PNA) (Apperson and Georghiou 1975, Voss 1980, Hemingway et al. 
1986, Raymond et al. 1987, Brogdon et al. 1988, Brogdon 1989, Grant et al. 1989, and 
Dary et al. 1990, Bisset et al. 1995).
In studies with Cx. quinquefasciatus, enzymatic activities towards aNA or PNA 
and their electrophoretic mobility has led to a classification of specific esterases. The 
esterases Bi, A2 and B2 (now referred to as Estpi, Esta2, and Estp2) have been
9
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frequently correlated with OP resistance (Georghiou and Pasteur 1978, Raymond et al. 
1987, Magnin et al. 1988). Estpi is commonly found in North America, but the closely 
linked Esta2 and Est(32 are generally found only near major port cities (Georghiou 
1992). However, enhanced enzymatic activity towards model substrates like aNA and 
PNA is not a direct measure o f the effect on the actual insecticide. In the case o f 
malathion resistance in house flies and in the mosquitoes Anopheles stephensi (Liston) 
and Cx. tarsalis Coquillet, decreased malathion susceptibility and increased malathion 
hydrolysis were negatively correlated with activity toward aN A  or PNA suggesting the 
need for caution in interpreting assay results, and the need to validate the suitability o f 
model substrates as indicators o f insecticide resistance (Hemingway 1984, Oppenoorth 
1985, Ziegler etal. 1987).
The final physiological resistance mechanisms involve an alteration or reduced 
sensitivity at the insecticide’s site of action. The target site o f OP and carbamate 
insecticides is the enzyme acetylcholinesterase (AChE) (Soderlund and Bloomquist 
1990). Inhibition of AChE results in increased levels o f the neurotransmitter 
acetylcholine, thereby disrupting the insect’s neural and motor functions. Reduced 
AChE sensitivity has been implicated as a resistance mechanism in several mosquito 
species including Cx. quinquefasciatus (Raymond et al. 1985, Hemingway et al. 1986, 
Brogdon et al 1988, Bisset et al. 1990). Insensitive AChE has been shown to result in 
high resistance levels and confers a broad spectrum o f resistance between and within 
the OPs and carbamates (Hemingway et al. 1986, Bisset et al. 1990, Wirth and 
Georghiou 1996).
10
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The target site of insecticides like DDT and the pyrethroids are the voltage- 
sensitive sodium channels o f nerve membranes, and resistance to these insecticides has 
been associated with reduced neuronal sensitivity (Soderlund and Bloomquist 1990). 
This mechanism confers resistance to the rapid paralytic action o f these insecticides and 
has been termed knockdown resistance. The knockdown resistance mechanism has 
been found in several mosquito species and has been shown to occur in Cx. 
quinquefasciatus expressing high levels o f resistance to the pyrethroids permethrin and 
deltamethrin (Priesterand Georghiou 1980, Chandre 1998, Kasai 1998).
Research Objectives 
Specific studies on the presence of insecticide resistance and the possible 
resistance mechanisms in Cx. quinquefasciatus populations in Louisiana are limited. 
The only published result o f a resistance mechanism study in Louisiana was one small 
sample o f  Gc. quinquefasciatus taken in Slidell in 1989 in which the presence o f 
elevated esterase activity was confirmed (Beyssat-Amaouty et al. 1989). A program 
recently initiated by the Louisiana Mosquito Control Association (LMCA) is engaged 
in a multi-parish, multi-species resistance detection survey. Cx. quinquefasciatus is 
included in that survey, but only a single sample is made per parish per year, and no 
attempts are made to determine the underlying resistance mechanisms (Bearden 2000). 
If variations in resistance levels occur temporally and geographically, then 
recommendations to switch insecticide classes, alter control strategies, or continue with 
current strategies should not be based on bioassays from a single location and time. 
Additionally, mosquito control districts should have information on the resistance 
mechanisms occurring in local populations o f Gc. quinquefasciatus if effective
11
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resistance management strategies are to be implemented (Soderlund and Bloomquist
1990).
The objectives of this study are to first assess the levels of resistance to 
malathion and resmethrin in field populations o f Cx. quinquefasciatus and to observe 
any changes in resistance levels during the active control season. The second objective 
is to determine the suitability of a  and P-naphthyl acetate as model substrates for the 
detection of enhanced esterase activity associated with malathion resistance. The third 
objective is to assess potential malathion and resmethrin resistance mechanisms 
utilizing synergists and biochemical assays. Finally, the fourth objective is to evaluate 
the effect of biological and life history characteristics on the expression o f resistance 
and resistance mechanisms.
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CHAPTER2
RESISTANCE TO MALATHION AND RESMETHRIN IN LABORATORY 
AND FIELD POPULATIONS OF CULEX QUINQUEFASCIATUS FROM
SOUTHERN LOUISIANA
Introduction
The southern house mosquito, Culex quinquefasciatus Say, occurs throughout 
Louisiana and is involved in transmission o f the St. Louis encephalitis (SLE) virus and 
the dog heartworm, Dirofilaria immitis (Leidy) (Villavaso and Steelman 1970, Kettle 
1995). The vector and nuisance potential o f Cx. quinquefasciatus makes it one of the 
primary targets of the 19 mosquito abatement districts (MADs) in the state. All MADs 
rely on aerial or ground ultra-low-volume (ULV) applications of either 
organophosphate (OP) or pyrethroid insecticides for suppression o f adult Cx. 
quinquefasciatus. O f the two insecticide classes, malathion is the most commonly used 
OP and resmethrin the most frequently employed pyrethroid (Louisiana Mosquito 
Control Association, personal communication).
Malathion has been utilized against larval and adult Cx. quinquefasciatus 
throughout the world and resistance has been documented from every continent on 
which this species occurs (WHO 1992). It has been applied as an adulticide in 
Louisiana since the late 1960’s with decreased malathion susceptibility in Cx. 
quinquefasciatus first reported in 1976 (Palmisano 1976, Steelman and Devitt 1976). 
Over a five-year period (1970-1975), malathion susceptibility decreased from 2 to lOOx 
in larval samples and 3 to 9x in adults taken from parishes that used chlorpyrifos for 
larval control and malathion for adult control (Palmisano et al. 1976, Steelman and 
Devitt 1976). Despite reduced susceptibility, Steelman and Devitt (1976) stated that
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adequate field control of adults was still achieved using malathion at labeled rates. 
However, results from recent field trials indicate that malathion resistance may be 
affecting control in specific populations o f Cx. quinquefasciatus in southern Louisiana 
(Meek and Meisch 1997).
Resmethrin has been labeled for public health use since 1973 and has been 
shown to be highly effective against several mosquito species (Rathbum and Boike 
1972, Stark et al. 1985). Due to concerns o f potential OP resistance, desire for rapid 
knockdown, or logistical considerations, several Louisiana MADs have switched to, 
rotated, or mixed resmethrin in their adulticide applications (Knepper 1988, LMCA, 
personal communication). Results from recent field trials in Louisiana (Groves et al. 
1997) suggest that resmethrin is effective for control o f local mosquito populations; 
however, previous studies have raised concerns over decreasing susceptibility in 
samples of Cx. quinquefasciatus from East Baton Rouge parish (Groves et al. 1994). 
Pyrethroid resistance occurs in Cx. quinquefasciatus, but specific instances of 
resmethrin resistance have not been documented in the literature (WHO 1992, Bisset 
1997). Resmethrin resistance has been found in field populations o f the closely related 
species Culex pipiens pallens Coquillet (Lee et al. 1996).
Local MADs must contend with limited insecticide options, public health 
concerns, and budgetary constraints in their control operations. Product efficacy is of 
concern during routine operations but is particularly important during disease outbreaks 
where vector control may be the only immediate solution (Hammock and Soderlund 
1986, Brogdon and McAllister 1998). An important step prior to selecting or applying 
an insecticide should be to determine resistance levels to the specific insecticide and
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possible cross-resistance to alternative compounds (Roush and Miller 1986, Scott 
1990). It is also important to assess variations in response to the insecticide throughout 
the active control season to determine if  resistance levels are constant, or if  there is a 
direct relationship between insecticide applications and resistance. Finally, because 
resistance may be localized or sporadic, comparisons o f resistance levels should be 
made between geographically separate populations exposed to similar control strategies 
instead o f assuming a similar response is occurring throughout a region (ffrench- 
Constant and Roush 1990, Brogdon and McAllister 1998). This study evaluates levels 
and dynamics o f malathion and resmethrin resistance in laboratory and field collections 
of Cx. quinquefasciatus based on the premise that if repeated insecticide applications 
select for resistance, then mosquito samples from within MADs should survive 
insecticide doses that would prove lethal to individuals from a susceptible laboratory 
colony and a non-treated field population.
Materials and Methods
Mosquito Colonies
Field collections o f eggs and larvae were made from septic ditches in several 
southern Louisiana parishes (Table 2.1). All samples were transported to the Mosquito 
Research Laboratory at the Louisiana State University Agricultural Center where larvae 
and reared adults were verified as Cx. quinquefasciatus. The John A. Mullrennan Sr. 
Arthropod Research Laboratory in Panama City, Florida provided an insecticide- 
susceptible reference strain (LABref). A non-treated field strain was collected from 
Livingston parish, which has no active mosquito control program (Meek and Meisch 
1997).
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Table 2.1. Description of field and laboratory strains o f Culex quinquefasciatus with 
year(s), origin, and primary insecticide exposure.
Strain Year(s)
Collected
Origin1 Primary
Insecticide
LABref 1998-99 JAMSARL2 N/A
FIELDref 1998-99 Livingston N/A
RESebrl 1998-99 East Baton Rouge Resmethrin
RESebr2 1998 East Baton Rouge Resmethrin
MALjdl 1998 Jefferson Davis Malathion
MALjd2 1999 Jefferson Davis Malathion
MALcal 1998 Calcasieu Malathion
MALasc 1998 Ascension Malathion
MIXver 1999 Vermilion Malathion & 
Resmethrin Mix
1 Unless otherw ise noted, origin indicates the parish  from which sam ples w ere taken.
2 L A B ref w as obtained from the John A. M ullrennan Sr. Arthropod Research Laboratory in Panam a 
City, Florida.
In 1998, collections were attempted throughout the active mosquito control 
season, but consistent sampling was hindered by low rainfall (National Oceanographic 
and Atmospheric Administration 1999), loss of sites due to construction, or application 
o f larvicides in response to an outbreak o f SLE (CDC 1999). In 1999, collections were 
made on a monthly basis during the active control season. Participating MADs agreed 
to suspend all larvicide applications and continue routine adulticide operations at the 
sample sites for the duration o f the season unless numerous complaints were registered 
or public health was endangered. Insecticide spray histories were provided by each of 
the MADs involved.
Colonies were reared as outlined by Gerberg et al. (1994) which calls for the 
following conditions: 1) avoid overcrowding, 2 ) avoid overfeeding larvae 3 ) maintain a 
pesticide free environment, 4) maintain temperature and relative humidity requirements,
23
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and S) use standardized food. All specimens were reared in the mosquito research 
laboratory rearing facility at Louisiana State University. A temperature o f 27 ± 3°C and 
a relative humidity of 60-70% were maintained. A light source controlled by a timer- 
driven rheostat was used to simulate dusk and dawn and provided a 1 2 : 1 2  (light:dark) 
photoperiod.
Larvae were placed in white enameled metal trays (30 x 20 x 5 cm) which were 
covered with wood-framed mesh screens to prevent oviposition by escaped mosquitoes. 
Approximately 500 larvae were placed in trays containing 750 ml o f deionized water. 
Larvae were fed a 2:1 mixture of finely ground fish (TetraMin®) and dog (Gaines 
Cycle Light®) food at the approximate rate o f 0.1 g per tray on day 0, with a gradual 
increase to 0.5 g on day 9 or until pupation (Gerberg et al. 1969). The water was 
changed and trays cleaned a minimum of three times per week. Pupae were removed 
from trays and placed in plastic emergence containers filled with deionized water within 
30 x 30 x 30 cm metal and mesh rearing cages (Bioquip®, Lanham, MD). Adults were 
continually supplied with a sucrose ( 1 0 %) and water solution as a carbohydrate source. 
Chemicals
Technical grade malathion (O,0-dimethyl-S-(l,2-di(ethoxycarbonyl)-ethyl) 
phosphorodithioate: 96%; Cheminova Inc., Wayne, NJ) and resmethrin (2,2-dimethyl- 
3-(2-methyl-1-propenyl) cyclopropanecarboxylic acid [5-(phenylmethyl)-3- 
furanyl]methyl ester: 89%; AgrEvo Inc., Montvale, NJ) were donated by the respective 
manufacturers. Chromatography grade acetone was purchased from Fischer Scientific 
(Fair Lawn, NJ).
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Insecticide Bioassavs
Three to 5-day old adult females were immobilized at 4°C for 3 minutes and 
then placed on a refrigerated table operating at the same temperature. Ranges of 
concentrations of malathion (0.009-20 mM) or resmethrin (0.0125-0.5 mM) in a 0.5 pi 
volume o f acetone were applied topically to the thoracic dorsum via a Hamilton 25 pi 
syringe and microapplicator. Doses were adjusted to provide mortalities between 10 
and 90% relative to each strain and controls were treated with acetone alone. Treatment 
groups (20 adult females per dose with a minimum o f 5 doses) and replicates (3 per 
dose per colony) were placed in separate containers (mesh covered 0.5 and 0.25 liter 
paper food containers (Fonda®, St. Albans, VT)), provided with sugar-water, and kept 
in conditions identical to the colonies. Mortality was determined at 24 hours post 
treatment and was defined as a lack of coordinated movement (i.e., inability to fly or 
maintain upright posture).
Bioassay data were analyzed using the PROC PROBIT function o f  the 
Statistical Analysis Software (SAS) package (SAS 1989). Differences in LD50S and 
LD90S were considered significant when the 95% confidence limits (C. L.) failed to 
overlap. Field strains were considered resistant when they had significantly higher 
LDsos and LD90S than the laboratory susceptible strain, LABref (WHO 1992). 
Resistance Ratios (RRs) were calculated by dividing the LD50S or LD90S of the field 
strains by the LD50 or LD90 of the laboratory strain. Comparisons were plotted to 
determine if a linear relationship was apparent, and correlation analysis [PROC CORR 
(SAS 1989)] was performed between monthly RRs and the frequency o f insecticide 
applications and between the monthly RRs for malathion and resmethrin.
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Results
In 1998, all field strains had significantly higher levels o f resistance to 
malathion than the laboratory strain LABref (Table 2.2). Malathion LDsos and LD90S in 
field strains ranged from 38.44 to 300.53 and 201.43 to 1,542.23 ng/mg resulting in 
resistance ratios o f 9.2 to 78.1 and 12.0 to 93.3, respectively. In general, field strains of 
Cx. quinquefasciatus from insecticide treated sites had significantly higher malathion 
resistance levels than the non-treated field strain, FIELDref. However, response to 
malathion was similar for FIELDref and RESebr2 and in June, FIELDref was 
significantly higher at both the LD50 and LD90 than this resmethrin-treated strain.
In 1999, significantly higher malathion resistance levels were measured in field 
strains compared with LABref (Table 2.3). Resistance levels ranged from 19.01 to 
1,035.82 ng/mg at the LDS0 and 86.70 to 5,434.15 ng/mg at the LD90 resulting in 
resistance ratios of 5.2 to 284.6 and 8.3 to 521.5, respectively. Additionally, LDsos 
measured from all treated field strains were significantly higher than FIELDref and the 
two sites (MALjd2 and MIXver) receiving malathion were significantly higher than the 
resmethrin-treated strain, RESebrl.
Malathion resistance in insecticide treated field strains o f  Cx. quinquefasciatus 
varied temporally and geographically. In both 1998 and 1999, samples collected in 
April were made prior to the first insecticide applications. Significant seasonal 
variations in malathion resistance did occur in the resmethrin-treated strain, RESebrl, 
for both years but followed no discemable pattern. In 1999, the two malathion-treated 
strains (MALjd2 and MIXver) showed a significant increase in resistance between 
April and November, but fluctuations occurred throughout the season. Geographic
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Table 2.2. Toxicity o f malathion (LD50 and LD90 expressed as ng/mg) and resistance ratios in field and laboratory strains o f
adult Culex quinquefasciatus in Louisiana during 1998.
Month Strain1 Slope (±S.E.) LD50 (95% C.L.) LD90 (95% C.L.)
LD50
R.R.2
LD90
x2
Apr. LABref 2.10(0.18) 3.68 (3.06-4.41) 14.95(11.27-22.27) 0.4
FIELDref 1.67 (0.24) 59.40 (44.84-74.46) 348.18(250.59-572.53) 16.1 23.3 0.7
RESebrl 1.83(0.21) 167.16(134.02-204.06) 837.76 (611.39-1330.55) 45.4 56.0 3.8
RESebr2 1.76(0.23) 38.61 (26.56-50.22) 228.32(168.17-364.13) 10.5 15.3 1.4
MALcal 1.84 (0.30) 164.11 (131.56-200.33) 820.64 (599.48-1300.73) 44.6 54.9 2.2
MALjdl 1.40(0.19) 119.96(85.27-155.80) 985.97 (650.38-1945.98) 32.6 6 6 . 0 0.9
June LABref 2.15(0.22) 3.88 (3.25-4.65) 15.29(11.58-22.59) - - - - - - - - - - 0 . 6
FIELDref 1.18(0.18) 116.16(85.78-157.83) 1425.85 (748.13-4588.88) 29.9 93.3 1.6
RESebrl 1.65(0.25) 155.85(121.40-193.91) 935.58 (656.37-1601.25) 40.2 61.2 2.6
RESebr2 1.99 (0.31) 49.13(37.90-60.35) 215.85(165.95-315.44) 12.7 14.1 0.8
MALasc 1.96(0.24) 93.02 (70.68-115.02) 419.76 (321.46-619.80) 24.0 27.5 5.2
Aug. LABref 1.77 (0.19) 3.85 (3.12-4.76) 20.50(14.32-34.92) — — 3.4
FIELDref 1.70(0.42) 45.48 (32.86-57.88) 258.27(189.77-412.47) 11.8 12.6 2.6
RESebrl 1.80(0.21) 300.53 (245.66-373.66) 1542.23(1058.74-2719.48) 78.1 75.2 3.8
RESebr2 1.69(0.22) 49.22 (36.11-62.31) 282.65 (206.55-454.21) 12.8 13.8 1.4
MALcal 1.87 (0.30) 219.62(177.90-270.19) 1163.82 (816.32-1981.23) 57.0 56.8 5.2
Oct. LABref 1.75 (0.20) 3.50(2.82-4.31) 18.86(13.29-31.72) 6.0
FIELDref 2.19(0.24) 59.00(47.60-70.81) 227.20(178.05-319.60) 16.9 12.0 3.3
RESebrl 1.82 (0.31) 135.10(64.41-219.32) 679.37 (370.35-3653.79) 38.6 36.0 6.2
RESebr2 1.73 (0.22) 49.84 (36.86-62.78) 275.43 (202.63-437.32) 14.2 14.6 1.5
(table continued)
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Nov. LABref 2.29 (0.24) 4.18(3.56-4.91) 13.68(10.74-19.08) 2.4
FIELDref 1.78 (0.26) 38.44(27.09-49.31) 201.43(151.70-307.88) 9.2 14.7 0.9
RESebrl 1.64(0.23) 133.92(102.23-167.44) 808.01 (572.03-1369.57) 32.0 59.1 3.0
MALasc 1.71 (0.22) 92.82 (67.43-117.82) 522.79 (384.47-832.76) 22.2 38.2 2.8
MALcal 1.70(0.20) 203.84(163.23-252.29) 1161.78(804.95-2025.41) 48.8 84.9 0.8
1 Laboratory susceptible reference (LABref). non-treated field reference (FIELDref), resmethrin treated field (RESebrl, RESebr2), and malathion 
treated (M ALjdl, MALcal, MALasc) field strains.
2 Resistance Ratio (L D jo o f field strain / LD50 o f susceptible strain) calculated from results before rounding to one decimal place.
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Table 2.3. Toxicity o f malathion (LD50 and LD90 expressed as ng/mg) and resistance ratios in field and laboratory strains of
adult Culex quinquefasciatus in Louisiana during 1999.
Month Strain1 Slope (± S.E.) LD50 (95% C.L.) LD90 (95% C.L.) R.R.2 
LD50 LD90
x2
Apr. LABref 2.48 (0.24) 3.75 (3.19-4.42) 12.31 (9.60-17.33) 4.7
FIELDref 1.69(0.34) 52.03 (33.49-69.53) 299.81 (224.30-466.17) 13.9 24.4 0.6
RESebrl 1.74 (0.19) 136.64(109.32-168.25) 748.22 (528.36-1260.86) 36.4 60.8 1.1
MALjd2 1.58 (0.32) 468.95 (371.23-627.23) 3032.91 (1832.82-6829.18) 125.1 246.4 4.5
MIXver 1.62 (0.20) 313.12(251.39-398.07) 1922.78(1249.44-3763.46) 83.5 156.2 0.4
May LABref 2.43 (0.21) 3.43 (2.91-4.04) 11.53 (9.01-16.18) 3.0
FIELDref 1.85 (0.26) 65.97 (47.44-83.76) 325.23 (247.14-488.64) 19.2 28.2 0.4
RESebrl 1.83 (0.21) 182.60(149.26-224.21) 917.65 (647.19-1541.21) 53.2 79.6 2.3
MALjd2 1.67 (0.23) 573.11 (453.49-776.56) 3325.24 (2023.18-7373.86) 167.1 288.4 2.3
MIXver 1.74(0.33) 745.30(575.50-1077.73) 4080.78 (2359.57-10187.55) 217.3 353.9 1.2
June LABref 2.72 (0.26) 3.72 (3.20-4.34) 10.99(8.78-14.90) 2.4
FIELDref 1.49(0.25) 36.07(18.35-53.16) 260.87(190.87-426.08) 9.7 23.7 0.3
RESebrl 1.54 (0.19) 219.78(174.63-283.43) 1495.03 (937.70-3140.73) 59.1 136.0 0.5
MALjd2 1.96 (0.23) 515.48 (422.20-656.90) 2322.14(1566.63-4232.97) 138.6 211.3 5.6
MIXver 1.84 (0.21) 385.94(315.48-486.16) 1925.61 (1302.91-3475.24) 103.7 175.2 2.4
July LABref 2.94 (0.28) 3.69(3.19-4.26) 10.05 (8.17-13.29) 0.6
FIELDref 1.77(0.23) 35.58 (25.41-45.40) 188.31 (141.13-290.36) 9.6 18.7 4.0
RESebrl 1.86 (0.22) 95.47 (75.02-116.98) 467.94 (347.94-722.58) 25.9 46.6 2.6
MALjd2 2.10(0.19) 444.68 (369.82-549.02) 1839.20(1303.76-3063.47) 120.5 183.0 2.2
MIXver 
(table continued)
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Aug. LABref 2.61 (0.25) 3.49 (2.98-4.08) 10.77 (8.55-14.77) 3.7
FIELDref 1.22 (0.20) 28.41 (15.54-40.91) 315.35(204.12-680.49) 8.1 29.3 2.0
RESebrl 1.45 (0.30) 98.50 (72.17-126.33) 756.03 (503.71-1451.13) 28.2 70.2 1.4
MALjd2 —
MIXver 1.65 (0.22) 680.38 (524.96-979.17) 4062.87 (2323.56-10297.71) 195.0 377.2 1.9
Sept. LABref 2.80(0.26) 3.64(3.13-4.23) 10.42 (8.40-13.94) . . . . . 0.4
FIELDref 1.94(0.31) 19.01 (11.10-26.11) 86.70 (67.37-125.60) 5.2 8.3 5.4
RESebrl 2.04 (0.22) 137.53(113.32-165.20) 585.57 (440.59-877.62) 37.8 56.2 0.3
MALjd2 1.87(0.19) 1035.82 (785.87-1586.04) 4998.72 (2818.46-13672.26) 284.6 479.7 3.6
MIXver 1.30(0.20) 557.20 (415.11-847.92) 5434.15(2665.64-19484.56) 153.1 521.5 0.7
Oct. LABref 3.02 (0.28) 3.46(3.00-4.00) 9.21 (7.52-12.05) 3.1
FIELDref 2.06 (0.22) 58.64 (47.33-70.67) 246.34(189.14-358.11) 16.9 26.7 1.9
RESebrl 1.79(0.20) 166.79(135.53-205.12) 870.44(611.09-1477.26) 48.2 94.5 2.8
MALjd2 1.87 (0.25) 795.19(625.41-1112.13) 3840.28 (2332.44-8726.79) 229.8 417.0 4.3
MIXver 1.67 (0.32) 668.19(518.18-950.77) 3924.08 (2273.56-9675.41) 193.1 426.1 2.4
Nov. LABref 2.32 (0.23) 3.49 (2.95-4.14) 12.46(9.58-17.93) 1.7
FIELDref 2.22 (0.24) 51.95(42.16-62.14) 195.49(153.48-274.36) 14.9 15.7 0.8
RESebrl 1.80 (0.31) 155.40(126.00-190.67) 807.26 (571.02-1352.76) 44.5 64.8 3.1
MALjd2 1.87 (0.25) 851.52 (663.49-1216.68) 4140.56(2466.77-9819.79) 244.0 332.3 2.1
MIXver 1.62 (0.20) 704.50 (539.69-1028.92) 4360.95 (2445.90-11524.2) 201.9 350.0 2.1
1 Laboratory susceptible reference (LABref), non-treated field reference (FIELDref), resmethrin treated field (RESebrl), malathion treated field 
(MALjd2), and malathion and resmethrin tank mix (MIXver) treated field strains.
2 Resistance Ratio (LD$0 o f  field strain / LDjo o f  susceptible strain) calculated from results before rounding to one decimal place.
variations in malathion resistance were also noted with significantly higher levels in 
MALjd2 than in a strain from the same Mosquito Abatement District (Jefferson Davis 
MAD) (MALjdl) and other MADs utilizing malathion as the primary insecticide 
(MALcal, MALasc). The strains RESebrl and RESebr2 also originated in the same 
MAD (East Baton Rouge MAD) and had identical spray histories and treatment 
schedules. However, RESebrl had significantly higher malathion resistance levels than 
RESebr2.
Compared with malathion, resistance to resmethrin was considerably lower in 
field populations o f Cx. quinquefasciatus and there was less variation in response to the 
insecticide. In 1998, all field strains had significantly higher resmethrin resistance than 
LABref (Table 2.4). The LD50S and LD90S ranged from 3.20 to 6 . 6 8  and 6.7 to 20.36 
ng/mg, resulting in resistance ratios of 1.6 to 3.2 and 1.2 to 5.1, respectively. With the 
exception of RESebrl in August, there were no significant seasonal variations in LD50S 
or LD90S within strains.
In 1999, resmethrin resistance levels were significantly higher in all field strains 
than LABref (with the exception of FIELDref in September) (Table 2.5). The LD50S 
and LD90S ranged from 1.92 to 9.79 and 5.20 to 37.15 ng/mg providing resistance ratios 
of 1.4 to 7.1 and 1.5 to 10.6, respectively. Resistance in all the treated field strains 
increased significantly throughout the season and was significantly higher than 
FIELDref as the season progressed. In general, resmethrin resistance did not vary 
significantly between the malathion-treated strain MALjd2 and the resmethrin-treated 
strain RESebrl, except in September when MALjd2 had a significant increase in 
resmethrin resistance with the highest LD50 RR (7.1) o f the season.
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Table 2.4. Toxicity o f resmethrin (LD$o and LD90 expressed as ng/mg) and resistance ratios in field and laboratory strains of
adult Culex quinquefasciatus in Louisiana during 1998.
Month Strain1 Slope (± S.E.) LD50 (95% C.L.) LD90 (95% C.L.)
LD50
R.R.2
LD%
x2
Apr. LABref 3.96(0.34) 1.91 (1.70-2.10) 4.02 (3.51-4.88) 0 . 6
FIELDref 4.20(0.47) 3.32 (2.97-3.65) 6.70(5.89-8.03) 1.7 1.7 4.8
RESebrl 3.22 (0.40) 5.54 (4.96-6.27) 13.86(11.07-19.78) 2.9 3.4 2 . 6
RESebr2 3.14(0.29) 5.18(4.62-5.85) 13.22(10.60-18.73) 2.7 3.3 2.5
MALcal 2.92 (0.38) 4.44(3.91-5.01) 12.17(9.72-17.45) 2.3 3.0 2 .1
MALjdl 2.95 (0.30) 3.87 (3.37-4.36) 10.53 (8.57-14.62) 2 . 0 2 . 6 0.5
June LABref 3.09(0.40) 1.84(1.58-2.08) 4.78 (3.99-6.31) 3.7
FIELDref 3.63 (0.42) 3.86 (3.45-4.27) 8.69(7.42-10.96) 2 .1 1 .8 5.0
RESebrl 2.47 (0.38) 5.91 (5.13-7.06) 19.55(13.90-36.05) 3.2 4.1 2.9
RESebr2 3.02 (0.26) 5.93 (5.27-6.83) 15.72(12.16-23.92) 3.2 3.3 3.4
MALasc 3.05 (0.19) 4.55 (4.03-5.12) 11.98 (9.67-16.80) 2.5 2.5 1 .2
Aug. LABref 2.94(0.38) 2.23(1.95-2.51) 6.08(4.92-8.53) 1.5
FIELDref 4.26(0.45) 3.81(3.45-4.16) 7.61 (6.68-9.17) 1.7 1.3 4.1
RESebrl 2.51 (0.37) 4.03 (3.44-4.62) 13.01 (9.98-20.55) 1 .8 2 .1 2 .1
RESebr2 2.73 (0.40) 6 . 6 8  (5.83-8.01) 19.76(14.28-34.32) 3.0 3.3 1 .6
MALcal 2.78 (0.27) 4.42 (3.87-5.02) 12.78(10.04-19.00) 2 . 0 2 .1 0 . 2
Oct. LABref 3.30(0.41) 1.95(1.71-2.18) 4.77 (4.02-6.20) 6.3
FIELDref 3.55 (0.44) 3.20 (2.78-3.57) 7.35 (6.32-9.20) 1 .6 1 .2 4.0
RESebrl 3.32 (0.30) 5.26 (4.72-5.90) 12.77(10.39-17.60) 2.7 2 .1 5.7
RESebr2 2.82 (0.38) 5.01 (4.42-5.71) 14.23(11.05-21.57) 2 . 6 2.3 1.7
(table continued)
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Nov. LABref 4.03(0.45) 1.92(1.72-2.11) 3.99(3.49-4.84)   2.9
FIELDref 3.36(0.41) 3.43(2.99-3.83) 8.26(7.00-10.58) 1.8 2.1 5.9
RESebrl 2.51 (0.38) 6.28(5.45-7.58) 20.36(14.40-37.92) 3.2 5.1 1.5
1 Laboratory susceptible reference (LABrcO, non-treated field reference (FIELDref), resmethrin treated field (RESebrl, RESebr2), and malathion 
treated (M A Ljdl, MALcal, MALasc) field strains.
2 Resistance Ratio (LD)0 o f  field strain /  LD50 o f susceptible strain) calculated from results before rounding to one decimal place.
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Table 2.5. Toxicity of resmethrin (LD50 and LD90 expressed as ng/mg) and resistance ratios in field and laboratory strains of
adult Culex quinquefasciatus in Louisiana during 1999.
Month Strain1 Slope (± S.E.) LD50 (95% C.L.) LD90 (95% C.L.)
LD50
R.R.2
LD90
x2
Apr. LABref 4.34 (0.46) 1.68(1.52-1.83) 3.31 (2.92-3.96) 3.8
FIELDref 3.53 (0.44) 2.70(2.33-3.02) 6.21 (5.35-7.77) 1.6 1.9 3.3
RESebrl 3.13(0.40) 3.97 (3.54-4.50) 10.20(8.15-14.56) 2.4 3.1 0.5
MALjd2 2.50 (0.37) 3.97 (3.41-4.56) 12.91 (9.78-20.94) 2.4 3.9 2.5
MIXver 3.24 (0.40) 4.90(4.37-5.48) 12.17(10.02-16.42) 2.9 3.7 2.7
May LABref 3.70 (0.42) 1.89(1.70-2.09) 4.20 (3.58-5.29) 4.9
FIELDref 3.71 (0.43) 3.16(2.81-3.49) 7.00(6.03-8.72) 1.7 1.7 3.1
RESebrl 3.13(0.38) 3.60(3.21-4.05) 9.24 (7.47-12.89) 1.9 2.2 2.8
MALjd2 3.17(0.39) 3.62 (3.18-4.05) 9.19(7.62-12.28) 1.9 2.2 3.1
MIXver 3.24 (0.40) 5.02 (4.48-5.62) 12.50(10.23-17.02) 2.6 3.0 1.2
June LABref 3.28 (0.40) 1.85(1.64-2.07) 4.56 (3.80-6.03) 3.5
FIELDref 3.93 (0.43) 3.29(2.96-3.62) 6.97 (6.04-8.55) 1.7 1.5 0.9
RESebrl 3.28 (0.40) 4.38(3.92-4.97) 10.76(8.60-15.31) 2.3 2.4 1.0
MALjd2 2.97 (0.38) 3.96(3.48-4.45) 10.67 (8.61-15.00) 2.1 2.3 4.0
MIXver 3.19(0.39) 5.64 (5.05-6.37) 14.23(11.44-20.03) 3.0 3.1 3.8
July LABref 3.14(0.41) 1.48(1.26-1.68) 3.80(3.19-4.96) 1.9
FIELDref 3.35 (0.42) 2.83 (2.45-3.17) 6.83 (5.80-8.75) 1.9 1.8 6.5
RESebrl 3.25 (0.40) 4.38 (3.92-4.98) 10.85 (8.65-15.50) 3.0 2.9 2.7
MALjd2 2.90(0.38) 4.52 (3.99-5.14) 12.64 (9.91-18.83) 3.1 3.3 1.3
MIXver 2.70(0.37) 4.64 (4.03-5.28) 13.84(10.80-20.95) 3.1 3.6 3.1
(table continued)
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Aug. LABref 3.58 (0.41) 1.93 (1.73-2.14) 4.41 (3.73-5.65) 5.2
FIELDref 3.11 (0.40) 3.03 (2.62-3.41) 7.82 (6.51-10.39) 1.6 1.8 2.3
RESebrl 2.32 (0.39) 6.39 (5.31-8.68) 22.83(14.41-56.25) 3.3 5.2 0.2
MALjd2 ---------- —
MIXver 2.69 (0.38) 6.97 (6.09-8.31) 20.87(15.22-35.97) 3.6 4.7 3.5
Sept. LABref 3.13(0.42) 1.37(1.14-1.56) 3.51 (2.97-4.53) 1.2
FIELDref 2.96(0.46) 1.92(1.44-2.29) 5.20(4.43-6.69) 1.4 1.5 2.1
RESebrl 3.02 (0.49) 7.96 (6.61-10.95) 21.13(14.22-44.77) 5.8 6.0 1.0
MALjd2 2.21 (0.41) 9.79 (7.73-15.34) 37.17(21.22-121.21) 7.1 10.6 3.9
MIXver 2.35 (0.37) 6.63 (5.72-8.05) 23.28(16.03-46.51) 3.3 5.7 1.0
Oct. LABref 4.77 (0.47) 1.92(1.76-2.09) 3.57 (3.17-4.21) 4.5
FIELDref 3.95 (0.43) 3.52 (3.18-3.86) 7.43 (6.42-9.15) 1.8 2.1 5.4
RESebrl 3.73 (0.50) 6.32 (5.59-7.53) 13.95(10.79-21.42) 3.3 3.9 0.3
MALjd2 3.03 (0.40) 5.98 (5.29-6.99) 15.83(12.06-24.79) 3.1 4.4 2.9
MIXver 4.00(0.46) 7.42 (6.71-8.39) 15.56(12.78-21.01) 3.9 4.4 2.2
Nov. LABref 4.22 (0.44) 2.04(1.86-2.24) 4.11 (3.58-5.01) 2.9
FIELDref 3.63 (0.33) 2.95 (2.60-3.27) 6.65 (5.72-8.29) 1.4 1.6 4.9
RESebrl 2.66 (0.43) 7.16(5.96-9.71) 21.68(14.28-47.70) 3.5 5.3 1.3
MALjd2 3.17(0.39) 4.75 (4.25-5.36) 12.06 (9.70-16.99) 2.3 2.9 1.6
MIXver 3.45 (0.42) 6.69(6.01-7.60) 15.74(12.64-22.16) 4.9 4.5 0.9
1 Laboratory susceptible reference (LABref), non-treated field reference (FIELDref), resmethrin treated field (RESebrl), malathion treated field 
(MALjd2), and malathion and resmethrin tank mix (MIXver) treated field strains.
2 Resistance Ratio (LDJ0 o f  field strain / LDJ0 o f susceptible strain) calculated from results before rounding to one decimal place.
Evaluations o f the effect o f insecticide application frequency on resistance 
levels showed that treatment with malathion alone and a malathion and resmethrin mix 
both resulted in significant variations in malathion resistance during the active control 
season (Fig 2.1). Correlation coefficients were also calculated, but in the comparisons, 
RRs from the subsequent month were used to allow for development of offspring of 
adults affected by the previous month’s applications. Resistance ratios and treatment 
frequencies were not strongly correlated (r2 = 0.42, r2 = 0.25) for MALjd2 and MIXver, 
respectively. A similar correlation (r2 = 0.39) was found for MIXver in response to 
resmethrin (Fig. 2.2) and interestingly, a moderate correlation (r2 = 0.67) was found 
between malathion applications and resmethrin resistance in MALjd2. The RESebrl 
strain also had seasonal fluctuations in response to malathion but there was a poor 
correlation (r2 = 0.02) between resmethrin applications and malathion resistance (Fig. 
2.3). There was a poor correlation (r2 = 0.33) between resmethrin applications and 
resmethrin resistance levels in RESebrl for the combined years, but a stronger 
correlation (r2 = 0.72) was observed when the more consistent samples of 1999 were 
considered separately (Fig. 2.4).
To assess the relationship between malathion and resmethrin resistance levels in 
the same populations, correlation coefficients were calculated between monthly 
malathion and resmethrin resistance ratios relative to each strain. Resistance to the two 
insecticides was moderately correlated (r2 = 0.49) in the malathion-treated strain, 
MALjd2, but was poorly correlated (r2 = 0.21, r2 = 0.20) in the resmethrin-treated field 
strain, RESebrl, and the resmethrin and malathion-treated strain MIXver.
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Figure 2.1. Relationship between 1999 seasonal spray patterns and monthly 
malathion resistance ratios (LDso field strain/LDso susceptible reference strain) 
o f Culex quinquefasciatus populations treated with malathion (MALjd2) or a 
malathion and resmethrin mix (MIXver).
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Figure 2.2. Relationship between 1999 seasonal spray patterns and monthly 
resmethrin resistance ratios (LDso field strain/LDso susceptible reference strain) 
o f Culex quinquefasciatus populations treated with malathion (MALjd2) or a 
malathion and resmethrin mix (MIXver).
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Figure 2.3. Relationship between seasonal spray patterns and monthly malathion resistance ratios 
(LD50 field population/LD$0 susceptible reference strain) for a population of Culex quinquefasciatus
treated with resmethrin (RESebrl).
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Figure 2.4. Relationship between seasonal spray patterns and monthly resmethrin resistance ratios 
(LDJ0 field population/LD50 susceptible reference strain) for a population of Culex quinquefasciatus
treated with resmethrin (RESebrl).
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Discussion
High levels o f resistance to malathion occurred in field populations of Cx. 
quinquefasciatus in Louisiana. This supports the results of field trials in which ground 
ULV applications o f malathion resulted in poor control (>29%) o f  caged adult Cx. 
quinquefasciatus from the Calcasieu parish MAD (Meek and Meisch 1997). Resistance 
to this OP occurs commonly and has been documented in larval and adult Or. 
quinquefasciatus throughout the world (Bisset et al. 1991, Peiris and Hemingway 1990, 
WHO 1992, Gopalan et al. 1997). Malathion resistance found in local populations of 
Or. quinquefasciatus is likely the result o f the extensive use o f the insecticide in public 
health pest control but may also be affected by the routine use o f  this product in 
agricultural production (Georghiou 1990).
Resistance to the pyrethroid resmethrin was less dramatic than to the OP 
malathion. In samples from the East Baton Rouge MAD (RESebrl and RESebr2) 
where the insecticide has been used exclusively for over 9 years, resistance levels were 
generally 2 to 3 x higher, but never more than 6 x higher than the susceptible strain. 
This suggests that the mechanism(s) involved in resmethrin resistance confer low levels 
o f resistance to the pyrethroid or that the frequency o f resistant individuals in local 
populations is low.
Results from this study also show that significant variations in malathion and 
resmethrin resistance levels can occur geographically and temporally. In 1999, a 
significant increase in malathion resistance levels was measured during the active 
control season in populations that were treated with malathion alone or a mixture of 
malathion and resmethrin. There were also noticeable fluctuations during the season
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and this variability was moderately correlated to the frequency of insecticidal 
applications. Variability in malathion resistance was also measured in the absence of 
insecticide selection (FIELDref) and in populations treated with resmethrin (RESebrl, 
RESebr2). In the case o f resmethrin treatment, there is the possibility o f cross­
resistance between the two insecticides. Bisset et al. (1997, 1998) found that laboratory 
selection of Cx. quinquefasciatus with the pyrethroids lambda-cyhalothrin and 
deltamethrin resulted in cross-resistance to malathion. However, in the present study, 
the poor correlation between resmethrin applications and malathion resistance levels 
suggests that cross-resistance is not occurring in the field.
In contrast to RESebrl, there was a stronger correlation between the frequency 
o f malathion applications and resmethrin resistance levels in MALjd2. Additionally, 
there was a positive relationship between levels o f resistance to malathion and 
resmethrin in monthly samples o f the population. O f particular interest is the peak in 
both malathion and resmethrin resistance that occurred in September. Cx. 
quinquefasciatus samples were not available in August, because the site was mistakenly 
treated with the Bacillus sphaericus based larvicide Vectolex®. Viable larvae were not 
available at the site for approximately 4 weeks. Additionally, six applications of 
malathion were made during the month. A significant increase in resistance to both 
malathion and resmethrin was found in samples from the site in September. 
Presumably the site was recolonized by survivors of the malathion treatments resulting 
in the resistance spike. The increase in resistance to both insecticides suggests that 
cross-resistance may be occurring. Perhaps selection with malathion selects or
42
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enhances mechanisms that can affect resmethrin, but not vice versa. These interactions 
are examined in more detail in Chapter 4.
Geographical variations in response to malathion occurred within and between 
separate MADs. Variations between control districts may be due to the frequency, 
variety, and history o f insecticide use in the particular district, but significant 
differences were also found in populations within the same MADs. Both MALjdl and 
MALjd2 occur in the Jefferson Davis parish MAD and are subjected to the same 
mosquito control procedures, yet they varied significantly in levels o f malathion 
resistance. A similar difference was observed between the East Baton Rouge MAD 
strains RESebrl and RESebr2. Apparently factors other than insecticide exposure are 
affecting resistance in these areas.
In addition to insecticide exposure, resistance levels can be affected by the 
immigration of resistant or susceptible individuals into the population, fitness costs 
associated with resistance, proximity to agricultural areas, environmental contamination 
o f the larval habitat, stability and type of resistance mechanisms, and natural 
fluctuations in the genetic composition of populations (Das and Rajagopalan 1981, 
Robert and Olsen 1989, Georghiou 1990, Roush and Daly 1990, Rodriguez et al. 1993, 
Aguilera et al. 1995, Service 1997, Callaghan et al. 1998). Regardless o f the cause of 
the variations, the results o f this study emphasize the dynamic nature o f insecticide 
resistance and support the need for current and continual resistance monitoring. 
Resistance levels should be assessed throughout the active control season, and 
numerous sites within each MAD should be tested instead o f relying on single samples.
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In summary, significant levels of resistance to both malathion and resmethrin 
were detected in field populations o f Cx. quinquefasciatus compared with a laboratory 
and non-treated field strain. The resistance levels, variable response to the insecticides, 
and possible cross-resistance warrant further study o f resistance mechanisms. While 
not a direct indication o f reduced field control these results suggest that the 
implementation o f resistance monitoring and management strategies would be prudent.
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CHAPTER 3
A COMPARISON OF BIOCHEMICAL SUBSTRATES AS INDICATORS OF 
MALATHION RESISTANCE IN CULEX QUINQUEFASCIA TUS (DIPTERA:
CULICIDAE)
Introduction
The organophosphate (OP) malathion is frequently utilized in Louisiana for 
suppression of adult Culex quinquefasciatus Say (Meek and Meish 1997). Reduced 
malathion susceptibility in samples o f Cx. quinquefasciatus from Louisiana was first 
reported in 1976 (Steelman and Devitt) and resistance ratios as high as 287.7 have been 
recently documented in field collections (Chapter 2). O f the known resistance 
mechanisms found in mosquitoes, esterases are the enzymes most frequently associated 
with OP resistance and have been shown to act through either metabolism or 
sequestration o f the insecticide (Ketterman et al. 1992, Karunaratne et al. 1993, 
Jayawardena et al. 1994). Detection o f  esterase activity in Culex has involved the use 
of synergists like DEF (5,S,5-tributyl phosphorothioate) and TPP (triphenyl phosphate), 
direct measurement of metabolism using radiolabeled insecticides, or various 
biochemical assays (Matsumura and Brown 1961, Apperson and Georghiou 1975, 
Georghiou et al. 1980, Ziegler et al. 1987, Grant et al. 1989, Dary et al. 1990, Bisset et 
al. 1995).
A common biochemical assay for esterases involves the spectrophotometric 
measurement of enzyme activity toward model substrates linked to color forming salts 
(Grant et al. 1989, Devonshire 1991, Ketterman et al. 1992). Numerous studies have 
demonstrated a correlation between elevated carboxylesterase activity on the model 
substrates a- and (3-naphthyl acetate and decreased sensitivity to OPs in mosquitoes
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(Voss 1980, Hemingway et al. 1986, Raymond et al. 1987, Brogdon et al. 1988, 
Brogdon 1989, Grant et al. 1989, and Dary et al. 1990). The enzymes detected in 
biochemical assays may or may not be directly responsible for resistance, however their 
presence may be a useful marker for the identification and monitoring of resistant 
populations (Kao et al. 1985).
The general term esterase includes a variety o f enzymes that hydrolyze esters 
(Oppenoorth 1985, Devonshire 1991). For Culex mosquitoes, the hydrolysis of a - and 
P-naphthyl acetates combined with the enzyme’s electrophoretic mobility is the basis of 
a detailed nomenclature system (Hemingway and Karunaratne 1998). Using this 
classification system, different esterases have been identified and characterized from 
different geographical areas and from populations with different histories o f insecticide 
exposure (Pasteur and Georghiou 1981, Peiris and Hemingway 1993, Bisset et al. 1995, 
Severini et al. 1997). Precise identification o f these esterases can be difficult due to 
overlapping substrate specificites and the presence o f isoenzymes o f specific esterases 
(Heymann and Jakoby 1980, Karunaratne and Hemingway 1996). Additionally, there is 
evidence that a -  and P-naphthyl acetates are not suitable substrates for all esterases 
(Oppenoorth 1985, Ziegler 1987).
Ziegler et al. (1987) demonstrated that in colonies of Culex tarsalis selected for 
resistance to malathion, elevated levels o f a specific esterase known as malathion 
carboxylesterase were directly related to insecticide resistance. Furthermore, there was 
no correlation between high levels o f malathion carboxylesterase and activity toward 
the model substrates a -  and P-naphthyl acetate. With larval Cx. quinquefasciatus 
selected for high levels o f malathion carboxylesterase, Gopalan et al. (1997)
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demonstrated that there was activity toward a -  and P-naphthyl acetate, but activity and 
substrate affinities were significantly higher when the substrates a -  and P-naphthyl 
propionate were used.
Prior to studies o f possible malathion resistance mechanisms in field 
populations o f Cx. quinquefasciatus from southern Louisiana, it would be useful to 
know if enhanced esterase activity is involved and if so, what substrates are best for 
detecting the enzymes. Therefore, if  malathion resistance is related to increased 
esterase activity then enzyme activity toward model substrates should be higher in 
resistant populations than a laboratory insecticide-susceptible population. Additionally, 
if malathion carboxylesterase is the predominant esterase then homogenates o f Cx. 
quinquefasciatus may demonstrate a higher activity toward a -  and P-naphthyl 
propionates than a -  and P-naphthyl acetates.
Materials and Methods
Mosquito Colonies
A laboratory-reared, insecticide-susceptible reference colony (LABref) of Cx. 
quinquefasciatus was obtained from the John A. Mullrennan Sr., Arthropod Research 
Laboratory in Panama City, Florida. Field strains o f larval Cx. quinquefasciatus were 
collected from several parishes in southern Louisiana. Based on insecticide treatment 
histories, the strains were labeled as being from a heavily treated site (MALcal) in 
Calcasieu Parish receiving > 1 5  applications of malathion per season, a treated site 
(MALasc) in Ascension parish with < 15 applications per season, and an untreated field 
site (FIELDref) in Livingston parish located in an area with no organized mosquito 
control and no known history of malathion exposure.
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Collections were made near the end o f the active mosquito control season 
(October-November) when resistance levels were presumably highest. Samples were 
transported to the mosquito rearing facility at Louisiana State University where larvae 
and adults from each collection were verified as Cx. quinquefasciatus. Larvae were 
reared as outlined in Chapter 2, with a temperature o f  27 ± 3°C, a relative humidity of 
60-70%, and a 12:12 (lightrdark) photoperiod consistently maintained. Pupae were 
separated daily and placed in plastic emergence containers filled with distilled water 
within 30 x 30 x 30 cm metal and mesh rearing cages (Bioquip®, Lanham, MD) and 
adults were supplied with a sucrose ( 1 0 %) and water solution.
Chemicals
Technical grade malathion (O, O-dimethyl S-( 1,2-dicarbethoxyethyl)
phosphorodithioate: 96% purity; Cheminova Inc., Wayne, NJ) was kindly donated by 
the manufacturer. a-Naphthyl acetate, p-naphthyl acetate, a-naphthyl propionate, and 
P-naphthyl propionate were purchased from Sigma Chemical Company (St. Louis, 
MO). Fast Blue B salt was purchased from Aldrich Chemical Company (Milwaukee, 
WI).
Insecticide Bioassavs
The level of malathion resistance was determined by a dose-response assay. 
Three to 5-day old adult females were immobilized at 4°C for 3 minutes and then 
placed on a refrigerated table operating at the same temperature. A 0.5 pi volume of 
acetone (controls) or a malathion and acetone solution was applied topically to the 
thoracic dorsum via a Hamilton glass microsyringe mounted on a repeating dispenser. 
A range of concentrations o f technical grade malathion (0.009-10 mM) were used and
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were adjusted to provide mortalities between 10 and 90% relative to each strain. 
Treatment groups (20 adult females per dose) and replicates (3 per dose per strain) were 
placed in separate mesh covered half-liter paper food containers (Fonda®, St. Albans, 
VT), provided with sugar-water, and kept in conditions identical to the colonies. 
Mortality was determined at 24 hours post treatment and was defined as a lack of 
coordinated movement (i.e. inability to fly or maintain upright posture).
Data were analyzed using the PROC PROBIT function of the Statistical 
Analysis Software (SAS) package (SAS 1985), and resistance ratios were calculated by 
dividing the LD50S o f the field strains by the LD50 o f the susceptible strain. LD50S were 
considered significantly different when there was no overlap in the 95% confidence 
levels. Field strains were considered resistant when they had significantly higher LDsos 
than the laboratory susceptible strain, LABref (WHO 1992).
Esterase Assays
Esterase assays closely followed those o f Grant et al. (1989), Ferrari and 
Geourghiou (1990), and Dary et al. (1990). Whole bodies o f 3-5 day old adult females 
were homogenized in 1.5 ml micro-centrifuge tubes utilizing a motor driven Teflon 
pestle. Each tube contained 250 pi of 0.1 M sodium phosphate buffer (pH 6.5) with 
0.1% Triton X-100. Homogenates were centrifuged at 4°C for 10 minutes at 12,000 g, 
the supernatants were transferred to clean micro-centrifuge tubes, held on ice, and used 
within 1 hour.
Substrate concentrations were determined by uniformly multiplying 
experimentally derived Michaelis constants (Km) by 3.5 (Gopalan et. al. 1997). 
Substrate solutions were made by adding 18 mg of Fast Blue B salt to 30 ml o f 0.1 M
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sodium phosphate buffer (pH 6.5) and mixing with 600 pi of 105 mM a-naphthyl 
acetate (157.5 mM P-naphthyl acetate, 210 mM a-naphthyl propionate, or 192.5 mM 0- 
naphthyl propionate) dissolved in 50% acetone. The solution was then filtered through 
a Whatman #3 filter paper. A total of 240 pi o f substrate solution (1.98 mM, 2.96 mM, 
3.95 mM, and 3.62 mM final concentrations, respectively) was added to 10 pi of 
homogenate in individual wells of a 96-well microtiter plate (Costar, Cambridge, MA). 
The change in absorbance was measured at 30°C for 10 min. at 450 nm using a 
Thermomax© microplate reader (Molecular Devices, Palo Alto, CA).
Data were corrected for nonenzymatic activity by substituting 10 pi buffer for the 
homogenate. Extinction coefficients (11.0 mM ' 1 250 pi ' 1 and 6.7 mM 1 250 pi ' 1 for the 
a - and p-naphthol-Fast Blue B conjugates, respectively) were determined for each 
product and all samples were corrected for protein content using Bradford's (1976) 
method and a bovine serum albumin standard. Statistical comparisons were made 
utilizing analysis of variance (PROC GLM) and Tukey’s multiple comparison test (P  = 
0.05) (SAS 1985).
Results
Levels of malathion resistance were significantly higher in the three field strains 
than in the laboratory strain (LABref) (Fig. 3.1). Within the field collections, resistance 
levels in both of the malathion treated strains were significantly higher than the 
untreated strain (FIELDref). Additionally, the heavily treated strain (MALcal) had 
resistance levels more than twice that o f the less frequently treated strain (MALasc).
The results of the enzyme assays and insecticide bioassays were qualitatively 
similar (Fig. 3.1). Significantly higher activities were recorded for the field strains than
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Figure 3.1. Relationships between mean esterase activities (±SD) towards a- and P-naphthyl acetates and a- and P-naphthyl 
propionates (a-NA, b-NA, a-NP, b-NP, respectively, expressed as pmol product min"1 mg' 1 protein) and malathion toxicity 
(LDso expressed as ng/mg) in a susceptible-laboratory and field strains of Culex quinquefasciatus. Means with the same 
letter, within each strain, are not significantly different (Tukey’s P=0.05).
the laboratory strain with all substrates except P-naphthyl acetate (Tukey’s P = 0.05). 
Activities toward P-naphthyl acetate were significantly higher for MALcal and MALasc 
than either FIELDref or LABref (Tukey’s P = 0.05). The highest esterase activity 
levels were consistently found in MALcal, but were not significantly higher that those 
in MALasc (Tukey’s P = 0.05).
When comparing activities toward the model substrates within each strain, the 
field collections were again different from the laboratory colony. There was little 
variation in activity with any of the substrates in the LABref strain. Activities were 
fairly uniform and there were no significant differences between any o f the substrates 
tested. In contrast, there was a consistent pattern for activity levels in the mosquitoes 
from the malathion-treated sites with activity toward a-naphthyl acetate greater than P- 
naphthyl propionate and a-naphthyl propionate. Whereas activity toward a-naphthyl 
acetate was significantly higher than a-naphthyl propionate for MALcal, MALasc, and 
FIELDref, significant variation between P-naphthyl acetate and P-naphthyl propionate 
was only measured in FIELDref.
Discussion
Malathion resistance was measured in all strains o f adult Cx. quinquefasciatus 
collected from field sites in south Louisiana. Resistance was associated with increased 
esterase activities as measured with biochemical substrates. Other studies employing 
similar biochemical assays have shown a relationship between elevated esterase 
activities and OP resistance in Cx. quinquefasciatus (Raymond et al. 1987, Grant et al. 
1989, Dary et al. 1990).
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Gopalan et al. (1997) demonstrated an increase in carboxylesterase activity in 
Cx. quinquefasciatus selected with malathion, but found proportionately higher 
activities and increased substrate affinities when using a  and P-naphthyl propionate 
than a  and P-naphthyl acetate. Results o f the current study indicate that the standard 
substrates a  and P-naphthyl acetate are suitable for detecting esterase activity in local 
populations of adult Cr. quinquefasciatus and will be employed in future studies.
This study is preliminary to more detailed investigations o f  resistance 
mechanisms in field strains o f Cx. quinquefasciatus and the results are by no means 
conclusive; however, there are several additional points o f interest. First, the lower 
malathion susceptibility and the higher esterase activity between the laboratory 
(LABref) and untreated field strain (FIELDref) shows that wild populations, even in the 
absence of direct insecticide pressure, may be less susceptible to insecticides than 
laboratory reference strains. This increase may be due to migration o f resistant 
individuals into the untreated area, an increase in detoxifying mechanisms due to the 
generally polluted larval habitats, or increased genetic variability. In addition, the 
increase in esterase activity between MALcal and MALasc was not quantitatively as 
high as the increase in resistance levels. This suggests that either the enzymes detected 
by the assay are not the only resistance mechanism involved or there is a qualitative 
variation in the enzymes’ activity toward the substrate versus the actual insecticide. 
Malathion is a pro-insecticide and requires activation by the hydrolysis o f the thiol 
functional group. Perhaps the difference between the two strains is due to an increase 
or decrease in the enzymes involved in activation. In contrast, the lack o f  association 
between results of bioassays and biochemical assays may suggest that the enhanced
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esterase activities are not associated with malathion resistance. Esterases have been 
shown to exist in numerous isoenzymatic forms (Karunaratne and Hemingway 1996). 
It is possible that the actual esterases involved in resistance were not detected by any of 
the substrates employed. It is also possible that the esterases vary in their ability to 
detoxify insecticides, but are equally active against model substrates.
In summary, esterase activity toward the conventional substrates a  and P- 
naphthyl acetate was equivalent or significantly higher than activities toward the 
alternative substrates a  and P-naphthyl propionate. The elevated esterase activity 
measured in the biochemical assays was also associated with increased malathion 
resistance levels in field populations of Cx. quinquefasciatus from south Louisiana. 
The contribution of the esterases to malathion resistance and other potential resistance 
mechanisms are examined in Chapter 4.
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CHAPTER 4
DETECTION OF MALATHION AND RESMETHRIN RESISTANCE 
MECHANISMS IN CULEX QUINQUEFASCIATUS FROM LOUISIANA
Introduction
The organophosphate (OP) malathion and the pyrethroid resmethrin are two o f 
the most commonly applied public health insecticides in Louisiana. The southern 
house mosquito, Culex quinquefasciatus Say, is one o f several mosquito species 
targeted by mosquito abatement districts (MADs) using these adulticides. However, 
reduced control observed in field trials with both malathion and resmethrin have raised 
concerns over the possibility of insecticide resistance in local populations o f the 
mosquito (Groves et al. 1994, Meek and Meisch 1997). A recent study of field and 
laboratory strains of Cx. quinquefasciatus has confirmed that resistance to both 
insecticides does occur in Louisiana (Chapter 2). Resistance to OPs and pyrethroids 
has been documented in Cx. quinquefasciatus from other countries and regions o f the 
US and has been related to the presence o f  one or more resistance mechanisms 
(Raymond et al. 1987, Magnin et al. 1988, Amin and Hemingway 1989, Bisset et al. 
1990, Georghiou 1992, DeSilva et. al. 1997, Kasai et al. 1998).
Insecticide selection pressure increases the genetic frequency o f one or more 
preadaptive resistance mechanisms (see Oppenoorth 1985, Soderlund and Bloomquist 
1990, or Hemingway and Karunaratne 1998 for detailed reviews). In Cx. 
quinquefasciatus and other mosquitoes, the major mechanisms believed to be 
responsible for resistance to OPs are enhanced or modified esterase or glutathione S- 
transferase (GST) activity and reduced OP inhibition o f  the target site 
acetylcholinesterase (AChE) (Apperson and Georghiou 1975, Hemingway et al. 1986,
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Raymond et al. 1987, Grant et al. 1989, Bisset et al. 1990, Brogdon and Barber 1990, 
Prapanthdara et al. 1996). When pyrethroid resistance occurs in Cx. quinquefasciatus, 
enhanced cytochrome P45o-dependent monooxygenase or mixed-funtion oxidase (MFO) 
activity is the mechanism most commonly implicated, however, enhanced esterase 
activity is suspected in some cases o f  pyrethroid-OP cross-resistance (Bisset et al. 1997, 
Bisset et al. 1998, Chandre et al. 1998, Kasai et al. 1998).
Resistance mechanisms vary in the levels of resistance they can confer and in 
their potential impact on pest management strategies (Oppenoorth 1985, Soderlund and 
Bloomquist 1990, WHO 1992). In mosquitoes, cross-resistance can occur within and 
between insecticide classes, and multiple resistance mechanisms have been found in the 
same individuals or populations (Raymond et al. 1986, Beach et al 1989, Bisset et al. 
1990, Bisset et al. 1997). Additionally, expression of resistance mechanisms (such as 
elevated esterase activity and insensitive AChE) have been shown to be stable in 
mosquito populations alter an insecticide has been removed from control operations, 
further reducing future insecticide options (Rodriguez et al. 1993). All o f  these factors 
can potentially impact the efficacy o f  a particular insecticide or resistance management 
strategy such as alternating or mixing insecticides, increasing or decreasing the 
application rates, and the use of synergists (Croft 1990). Detection o f the underlying 
resistance mechanisms is critical i f  effective resistance monitoring and management 
techniques are to be employed (ffrench-Constant and Roush 1990).
Detection of possible insecticide resistance mechanisms frequently involves the 
use of synergists and biochemical assays (Brown and Brogdon 1987, Scott 1990). 
Synergists are believed to enhance the toxicity o f insecticides by inhibiting specific
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metabolic enzymes. The effects o f synergists can provide evidence o f the role o f  these 
enzymes in conferring insecticide resistance (Scott 1990). Two commonly used 
synergists are the esterase inhibitor DEF (S,S,S,-tributyl phosphorotrithioate) and the 
MFO inhibitor PBO (piperonyl butoxide) (Casida 1970, Jao and Casida 1974).
Biochemical assays often involve the use o f model substrates for the 
colorimetric measurement o f enzyme activity (Brown and Brogdon 1987). Several 
studies have demonstrated a correlation between elevated enzyme activity towards 
these substrates and decreased sensitivity to OPs and pyrethroids in mosquitoes 
(Hemingway et al. 1986, Raymond et al. 1987, Brogdon et al. 1988, Brogdon 1989, 
Grant et al. 1989, Dary et al. 1990, Brogdon et al. 1997). When correlated with 
bioassay results, both synergist and biochemical assays can provide evidence o f the 
presence o f specific resistance mechanisms in mosquito populations. In addition to 
documenting resistance mechanisms, biochemical assays modified for field use can 
also be utilized as a monitoring tool for resistance management (Kao et al. 1985, Brown 
and Brogdon 1987).
Despite the numerous methods available for the detection of resistance 
mechanisms in Cr. quinquefasciatus, there has only been one published report of 
mechanisms present in Louisiana. In that study, only one population was sampled and 
only the presence of enhanced esterase activity was assayed (Beyssat-Amaouty et al. 
1989). The objective of this study was to determine the role o f esterase, GST, and 
MFO activity and insensitive AChE in malathion and resmethrin resistance occurring in 
field populations of Cx. quinquefasciatus in Louisiana. These mechanisms were 
investigated through the use o f insecticide, synergist, and biochemical assays.
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Materials and Methods
Mosquito Colonies
Field collections of Cx. quinquefasciatus eggs and larvae were made from septic 
ditches in several southern Louisiana parishes. A non-treated field strain (FIELDref) 
was collected from Livingston parish, which has no active mosquito control program. 
The RES strain was obtained from the East Baton Rouge parish MAD, which uses 
resmethrin exclusively in its adulticide operations. The MAL collection from Jefferson 
Davis Parish was treated primarily with malathion and the Vermillion Parish collection, 
MIX, was treated with a tank mix of malathion and resmethrin. Malathion- and 
resmethrin-resistant laboratory colonies (MDCmal and MIXres, respectively) were 
established by exposing larvae from the MDC site to diagnostic concentrations of 
malathion or resmethrin, respectively (WHO 1981). All samples were transported to 
the Mosquito Research Laboratory at the Louisiana State University Agricultural 
Center where larvae and adults were verified as Cx. quinquefasciatus. An insecticide- 
susceptible reference strain, LABref, was provided by the John A. Mullrennan Sr. 
Arthropod Research Laboratory in Panama City, Florida.
Larvae were placed in white enameled metal trays (30 x 20 x 5 cm) and were 
covered with wood-framed screens to prevent oviposition o f escaped females. 
Approximately 500 larvae were placed in trays containing 750 ml o f deionized water. 
Larvae were fed a 2:1 mixture o f  finely ground fish (TetraMin®) and dog (Gaines 
Cycle Light®) food and the water was changed a minimum o f three times per week. 
Pupae were separated and placed in plastic emergence containers filled with deionized 
water within 30 x 30 x 30 cm metal and mesh rearing cages (Bioquip®, Lanham, MD).
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Adults were continually supplied with a sucrose (10%) and water solution and 
were blood-fed as needed. The LABref colony was blood-fed on cotton pads soaked 
with citrated cow blood while the field strains were fed on quail, Colinus virginianus 
L., maintained at the East Baton Rouge MAD headquarters. A temperature of 27 ± 3°C 
and a relative humidity o f 60-70% were maintained. A light source, controlled by a 
timer-driven rheostat, was used to simulate dusk and dawn and provided a 1 2 : 1 2  
(light:dark) photoperiod.
Chemicals
Technical grade malathion (96%) and malaoxon (96.9%) (Cheminova 
Inc.,Wayne, NJ), resmethrin (89%) and PBO (AgrEvo Inc.,Montvale, NJ), and DEF 
(Miles, Kansas City, MO) were donated by the respective manufacturers. O- 
dianisidine, a -  and p-naphthyl acetate (a-NA and P-NA), a -  and P-naphthol, 3,3’,5,5’- 
tetramethyl-benzidine dihydrochloride (TMBZ), cytochrome-C (bovine heart), reduced 
glutathione (GSH), l-chloro-2,4-dinitrobenzene (CDNB), acetylthiocholine iodide 
(ATCI), and 5,5-dithio-bis(2-nitrobenzoic acid) (DTNB), were purchased from Sigma 
Chemical Co. (St. Louis, MO). Chromatography grade acetone was purchased from 
Fischer Scientific (Fair Lawn, NJ).
Insecticide and Synergist Bioassavs
Resistance levels in the laboratory and field strains were evaluated with a dose- 
response assay. Three to 5-day old adult females were immobilized at 4°C for 3 
minutes and then placed on a refrigerated table operating at the same temperature. 
Ranges o f  concentrations o f malathion (0.009-20 mM) or resmethrin (0.009-0.5 mM) in 
a 0.5 pi volume o f acetone were applied topically to the thoracic dorsum using a 25 pi
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Hamilton syringe and microapplicator. Doses were adjusted to provide mortalities 
between 10 and 90% relative to each strain and controls were treated with acetone 
alone. For synergist studies, mosquitoes were treated on the thoracic dorsa with 0.S pi 
of a 0.5 mM concentration o f either DEF or PBO in acetone one minute prior to the 
insecticide application and controls were treated with synergist and acetone alone. 
These doses of DEF and PBO were chosen based on preliminary tests in which they 
were shown to be nontoxic to controls from the MIXver strain but provided maximum 
levels o f synergism with malathion and resmethrin, respectively.
Malathion and resmethrin resistant lab colonies were established by exposing 
fourth instars from the MDC strain to concentrations (LCsos based on preliminary assays 
o f MIX larvae) o f either malathion (4.92 mg/liter) or resmethrin (0.26 mg/liter) for 24 
hours in a standard World Health Organization bioassay (WHO 1981). Assays were 
performed in 500 ml beakers containing 250 ml tap water and 1 ml o f insecticide and 
acetone solution. After 24 hours, survivors were removed from the beakers, rinsed with 
tap water, and placed in plastic emergence containers. After eclosion, 3-5 day old 
females were assayed with a single diagnostic dose of either malathion (1.14 pg/insect) 
or resmethrin (0.01 pg/insect). Doses were based on the LD50S o f the MDC parent 
colony relative to each insecticide.
Treatment groups (20 females per dose for the dose-response and synergist 
assays and 25 per dose in the diagnostic dose assays) and replicates (3 per dose per 
colony) were placed in separate containers (mesh covered 0.25 liter paper food 
containers (Fonda®, St. Albans, VT)), provided with sugar-water, and kept in 
conditions similar to the colonies. Mortality was determined at 24 hours post treatment
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and was defined as a lack o f coordinated movement (i.e., inability to fly or maintain
upright posture).
Bioassay data were analyzed using the PROC PROBIT function of the 
Statistical Analysis Software (SAS) package (SAS 1989). Differences in LD50S were 
considered significant when the 95% confidence limits (CL) failed to overlap. 
Resistance Ratios (RRs) were calculated by dividing the LD50S o f the field strains by 
t h e  L D 5 0  of the laboratory reference strain. Synergism Ratios (SRs) were calculated by 
dividing the LD50 o f  the insecticide treatment alone by the LD50 o f the insecticide and 
synergist treatment.
Biochemical Assays
Non-blood fed, 3 to 5 day old, adult females were immobilized at -20°C and 
homogenized in 150 pi phosphate buffer (pH 7.2 0.01M potassium phosphate) with 15 
strokes of an all glass tissue homogenizer (Duall®). Homogenates were diluted to 1 ml 
and transferred to 1.5 ml micro-centrifuge tubes. Tubes were centrifuged at 4°C for 5 
min. at 10,000g. Supernatants were transferred to 12 x 75 mm glass culture tubes and 
further diluted with buffer to a final volume of 2 ml. All homogenates were held on ice 
and assayed immediately following preparation.
Activity o f GST towards CDNB was measured using the assay o f Jakoby (1978) 
as modified by Brogdon and Barber (1990). Reactions were measured in individual 
wells of 96 well microtiter plates (Costar, Cambridge, MA). Each well contained 100 
pi mosquito homogenate to which 100 pi reduced glutathione in pH 7.2 potassium 
phosphate buffer (0.7 mM final concentration) and 100 pi CDNB (20 mg/10 ml 
acetone/90 ml pH 7.2 potassium phosphate buffer; 0.3 mM final concentration) were
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added. Absorbance (340 nm) was read at 0 and 10 min. utilizing a Thermomax® 
microplate reader (Molecular Devices, Palo Alto, CA). Data were corrected for 
nonenzymatic activity by substituting 100 pi buffer for the homogenate. Activity was 
calculated by subtracting the optical density (OD) at T=10 by the OD at T=0 and 
dividing by the total incubation time and total protein content.
Oxidase levels were indirectly assayed by measuring the level of heme-
containing enzymes (including the cytochrome oxidase enzymes) with the heme
peroxidase assay o f  Thomas et al. (1976) as adapted by Brogdon et al. (1997). In this 
assay, 1 0 0  pi o f  homogenate was added to individual microplate wells followed by 2 0 0  
pi TMBZ (100 mg/50 ml methanol/150 ml pH 5.0, 0.25 M sodium acetate buffer; 1.1 
mM final concentration). The reaction was initiated with 25 pi o f 3% hydrogen 
peroxide and absorbance was read at 595 nm following a 10-minute incubation. For 
controls, wells were assayed containing no homogenate and 1 0 0  pi buffer (correction 
for nonenzymatic activity) or 100 pi of cytochrome C (22 pi cytochrome C stock 
solution (10 mg cytochrome C/100 ml pH 5 sodium acetate buffer)/1.2 ml pH 7.2 
potassium phosphate buffer) as a standard. Activity was calculated by dividing the OD 
by the total incubation time and total protein content.
Esterase activity towards the substrates a-NA and p-NA was assayed based on 
the techniques o f Gomori (1953) and van Asperen (1962) with modifications by 
Brogdon et al. (1988). In this assay, 100 pi of a-NA or P-NA substrate solution (56
mg/10 ml acetone/90 ml pH 7.2 potassium phosphate buffer; 1.0 mM final
concentration) was added to 100 pi o f diluted homogenate (50 pi homogenate/50 pi pH
7.2 potassium phosphate buffer). Reactions were incubated for 10 minutes at 27°C.
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Following incubations, 100 |il dianisidine in distilled water (0.7 mM final 
concentration) was added, incubated for 2 minutes, and absorbance was read at S9S nm. 
Nonenzymatic activity was corrected by substituting 50 |il buffer for the homogenate. 
Activity was calculated by dividing the OD by the incubation time and total protein 
content.
Assays o f AChE activity and inhibition by malaoxon were based on the 
methods of Ellman et al. (1961) with modifications by Brogdon and Barber (1987). 
Each microplate well received 100 ^1 homogenate to which 100 fil ATCI (75 mg/10 ml 
acetone/90 ml pH 7.2 potassium phosphate buffer; 0.9 mM final concentration) and 100 
j_il DTNB (13 mg/100 ml pH 7.2 potassium phosphate buffer; 0.1 mM final 
concentration) were added. Plates were read (405 nm) immediately and following a 20- 
minute incubation. To test for insensitive AChE, an I90 (the concentration o f malaoxon 
required to inhibit 90% o f the AChE activity in LABref) o f malaoxon (6 6 . 8  fiM final 
concentration) was added to the ATCI solution and the same procedures were followed. 
AChE activity was calculated by subtracting the OD at T=20 by the OD at T=0 then 
dividing by the incubation time and total protein content. Percent AChE inhibition was 
calculated as 1-(activity with malaoxon/activity without malaoxon) X 100.
All assays were performed on the same individual mosquito homogenates (n = 
100 per strain) and each homogenate was replicated three times per assay. Total 
protein content o f each homogenate was determined utilizing the method o f Bradford 
(1976) with a bovine serum albumin standard. Statistical comparisons were made 
utilizing analysis of variance (PROC GLM) and Tukey’s multiple comparison test 
(P=0.05) (SAS 1989). Correlation coefficients for the relationships between
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mechanisms and between mechanisms and LDsos were calculated relative to each strain 
using PROC CORR (SAS 1989).
Results
Significantly higher levels o f resistance to malathion and resmethrin were 
measured in field strains (FIELDref, RES, MAL, MIX) than the laboratory strain 
(LABref) (Table 4.1, 4.2). Malathion LDsos o f the field strains ranged from 58.46 to 
795.19 ng/mg resulting in RRs of 16.9 to 229.8 (Table 4.1). Resmethrin LD50S ranged 
from 3.52 to 7.42 ng/mg providing RRs of 1.8 to 3.9 (Table 4.2). Resistance levels 
were significantly higher for both insecticides in the treated strains RES, MAL, and 
MIX compared to the non-treated field strain FIELDref. The two malathion treated 
strains (MAL and MIX) had significantly higher malathion resistance than RES, but 
there were no significant differences among the treated strains in response to 
resmethrin.
The toxicity of malathion was significantly enhanced in the presence of an 
esterase inhibitor (DEF) (Table 4.1). Synergism occurred in all strains but was highest 
in MAL and MIX with SRs o f 23.7 and 33.5, respectively. The enhanced toxicity of 
malathion by DEF suggests that esterases are involved in detoxication o f the 
insecticide. However, even with the DEF treatment, resistance levels in the field strains 
RES, MAL, and MIX were still significantly higher than either FIELDref or LABref. 
This finding suggests that either an additional resistance mechanism is present or that 
there is incomplete esterase inhibition by DEF.
The oxidase inhibitor PBO did not significantly enhance malathion toxicity; 
however, PBO did enhance resmethrin toxicity (Table 4.2). Resistance levels were
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Table 4.1. Toxicity o f malathion (LD50 expressed as ng/mg) and synergism with PBO and DEF in field and laboratory strains
of adult Culex quinquefasciatus.
Strain1 Synergist Slope (± S.E.) LD50 (95% C.L.) S.R.2 R.R.3 x2
LABref none 3.02 (0.28) 3.46 (3.00-4.00) 3.1
DEF 3.02 (0.33) 1.42 (1.20-1.65) 2.4 0.7
PBO 3.15(0.29) 3.48 (3.03-4.01) 1.0 1.2
FIELDref none 2.06 (0.22) 58.64 (47.33-70.67) . . . . . 16.9 1.9
DEF 2.08 (0.23) 3.57 (2.89-4.29) 16.4 2.5 2.6
PBO 2.59 (0.25) 52.07 (44.56-60.90) 1.1 14.9 4.0
RES none 1.79 (0.20) 166.79 (135.53-205.12) 48.2 2.8
DEF 0.92(0.18) 12.28 (7.15-17.81) 13.1 9.0 1.3
PBO 2.02 (0.23) 169.48 (139.31-214.77) 1.0 48.7 3.8
MAL none 1.87 (0.25) 795.19 (625.41-1112.13) 229.8 4.3
DEF 1.24 (0.19) 32.09 (24.01-42.75) 23.7 22.6 0.9
PBO 1.71 (0.26) 588.45 (427.74-980.71) 1.3 169.1 1.6
MIX none 1.67 (0.32) 668.19 (518.18-950.77) 193.1 2.4
DEF 1.20(0.22) 19.96 (13.30-27.42) 33.5 14.1 1.5
PBO 1.60(0.28) 835.85 (543.74-1,855.28) 0.8 240.2 4.3
1 Laboratory susceptible (LABref), non-treated field (FIELDref), resmethrin treated field (RES), malathion treated field (MAL), and malathion 
and resmethrin tank mix (MIX) treated field strains.
2 Synergistic Ratio (LDjo without synergist / LD}0 with synergist) calculated from results before rounding to one decimal.
3 Resistance Ratio (LD50 o f  field strains / LDjo o f  LABref) calculated from results before rounding to one decimal.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
Table 4.2. Toxicity o f resmethrin (LD50 expressed as ng/mg) and synergism with PBO and DEF in field and laboratory strains
of adult Culex quinquefasciatus.
Strain1 Synergist Slope (± S.E.) LDjo (95% C.L.) S.R.2 R.R.3 x2
LABref none 4.77 (0.47) 1.92 (1.76-2.09) 4.5
DEF 4.26(0.44) 1.97 (1.80-2.15) 1.0 3.4
PBO 3.35 (0.45) 1.38 (1.18-1.56) 1.4 2.8
FIELDref none 3.95 (0.43) 3.52 (3.18-3.86) 1.8 5.4
DEF 2.49 (0.39) 1.97 (1.59-2.28) 1.8 1.0 4.9
PBO 3.32 (0.40) 1.20 (1.07-1.34) 2.9 0.9 2.0
RES none 3.73 (0.50) 6.32 (5.59-7.53) . . . . . 3.3 0.3
DEF 3.99 (0.44) 3.15 (2.87-3.51) 2.0 1.6 3.4
PBO 3.82 (0.43) 1.36 (1.21-1.51) 4.6 1.0 2.4
MAL none 3.03 (0.40) 5.98 (5.29-6.99) 3.1 2.9
DEF 4.21 (0.44) 4.10 (3.75-4.50) 1.5 2.1 3.5
PBO 4.78 (0.56) 1.73 (1.55-1.90) 3.5 1.3 3.9
MIX none 4.00(0.46) 7.42 (6.71-8.39) 3.9 2.2
DEF 3.16(0.40) 2.93 (2.57-3.28) 2.5 1.5 4.4
PBO 4.89 (0.59) 1.55 (1.37-1.70) 4.8 1.1 0.9
1 Laboratory susceptible (LABref), non-trcated field (FIELDref), resmethrin treated field (RES), malathion treated field (MAL), and malathion 
and resmethrin tank mix (MIX) treated field strains.
2 Synergistic Ratio (LD J 0  without synergist /  LDJ 0  with synergist) calculated from results before rounding to one decimal.
3 Resistance Ratio (LD ) 0  o f  field strains / LD30 o f  LABref) calculated from results before rounding to one decimal.
significantly reduced and complete synergism o f resmethrin toxicity by PBO occurred 
in all field strains. These results suggest that oxidases play a role in resistance to the 
insecticide. Curiously, resmethrin toxicity was also synergized by DEF indicating that 
esterases may play some role in resmethrin detoxification or that the concentration of 
DEF applied in the assay may inhibit MFO activity (Scott 1990).
With the exception o f GST and AChE activity, all field strains had significantly 
higher enzymatic activities and significantly lower levels o f AChE inhibition by 
malaoxon than LABref (Table 4.3). GST activity toward CDNB showed little variation 
within the field strains. A slight but statistically significant difference was observed 
between MDC and MAL, but a similar level o f GST activity was measured in 
mosquitoes from the non-treated field (FIELDref) and LABref strains and the treated 
field strains. These findings suggest that either GSTs do not play a major role in 
malathion or resmethrin resistance or activity towards this particular substrate (CDNB) 
is not an accurate indicator o f enzyme activity towards the actual insecticides.
Peroxidase activity was significantly higher in the treated field stains (RES, 
MAL, and MIX) than FIELDref (Table 4.3). The highest level o f activity was 
measured in the malathion-resmethrin treated strain (MIX) and activity was 
significantly higher than the malathion treated strain (MAL). Peroxidase activity levels 
in RES did not vary significantly from the other insecticide treated strains. A strong 
correlation (r2 = 0.97) was observed between peroxidase activity measured in this assay 
and the LDsos from the topical bioassays with resmethrin.
Esterase activities toward the substrates a-N A  and P-NA were significantly 
higher in the malathion-treated strains, MAL and MIX, than FIELDref (Table 4.3).
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Table 4.3. Enzyme activity levels (activity min'1 mg protein'1) and inhibition of AChE by malaoxon in laboratory and field 
strains of adult Culex quinquefasciatus from Louisiana1.
Strain GST2 Peroxidase3 Esterase
a-NA
4
P-NA
AChE5
Activity
% AChE6 
Inhibition
LABref 9.47 (2.52)° 7.20 (1.50)d 19.76 (5.45)d 20.85 (5.98)e 23.88 (6.49)“ 92.33(1.11)“
FIELDref 10.95 (1.90)ab 10.54 (1.32)c 47.61 (16.32)° 66.05 (23.99)b 19.38 (3.56/* 87.39 (3.67)b
RES 10.15 (1.42)abc 13.73 (4.05)ab 58.75 (16.40/* 73.39 (20.77)b 15.78 (2.86)d 81.29 (3.97/
MAL 10.01 (2.7 i f 12.81 (3.20)b 70.09 (28.06)ab 93.86(39.43)“ 18.77 (2.86)° 72.91 (6.28/
MIX 11.19 (1.86)a 14.60 (2.67)a 78.58 (45.40)“ 91.94 (50.36)“ 21.65 (4.95)“b 75.60(5.16/
1 Activities were measured in individual adult mosquito assays (n=IOO) for laboratory susceptible (LABref), nontreated field (FIELDref), resmethrin 
treated field (RES), malathion treated field (MAL), and malathion and resmethrin tank mix (MIX) treated field strains. Values followed by
the same letter within each column are not significantly different (Tukey's P -  0.05).
2 Mean GST activities (± SD) expressed as AOD min ' 1 mg protein'1.
3 Mean peroxidase activities (± SD) expressed as AOD min ' 1 mg p ro tein1.
4 Mean esterase activities (± SD) towards a-naphthyl acetate and p-naphthyl acetate expressed as AOD min ' 1 mg p ro tein1.
5 Mean AChE activities (1 SD) expressed as AOD min ' 1 mg protein'1.
6 Percent AChE inhibition calculated as I-(AChE activity with malaoxon / AChE activity without malaoxon) X 100.
MIX esterase activities were also significantly higher than RES, but RES and MAL 
were only significantly different in activities towards P-NA. A strong correlation (r2 = 
0.83 and 0.81) was observed between malathion resistance levels and esterase activities 
towards a-NA and P-NA, respectively. Additionally, a strong relationship (r2 = 0.91 
and 0.80) was observed between esterase activity towards the two substrates and 
resmethrin resistance levels. These results suggest that esterases may play a role in the 
detoxication of both malathion and resmethrin.
Activity of AChE towards ATCI was highest in the laboratory colony LABref 
(Table 4.3). Significant variations occurred throughout the field strains with the lowest 
activity recorded in RES. The AChE levels followed no apparent pattern and were 
poorly correlated (r2 = 0.01) with malathion resistance. Percent inhibition o f AChE by 
malaoxon is relative to AChE activity within each strain and was significantly lower in 
all field strains than LABref. Inhibition varied significantly between all strains and the 
lowest levels of inhibition (75.60% and 72.91%) occurred in MIX and MAL, 
respectively. There was a strong correlation (r2 = 0.89) between malaoxon inhibition 
levels and malathion resistance suggesting that reduced sensitivity in the AChE target 
site is a mechanism occurring in local Cx. quinquefasciatus populations.
Frequency profiles o f enzyme activity levels and AChE inhibition also varied 
between strains of Cx. quinquefasciatus. The frequency o f esterase activity levels 
towards the substrate P-NA (Fig. 4.1) showed little variation in LABref and a fairly 
normal distribution in FIELDref. Activities were more variable in the treated field 
strains and the bimodal response o f MAL and MIX suggest a monogenic basis for the 
enhanced esterase mechanism. Frequency o f AChE inhibition and peroxidase activity
75
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
~-j
O n
0.6
0.5
0.4
! • >v T
0.2
0.1
0 P - 1I "
□  LABref
□  FIELDref 
0R E S
■  MAL
■  MIX
J . .  ■
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 200
Esterase Activity
Figure 4.1. Frequency histogram of esterase activity (expressed as activity min'1 mg protein'1) towards the substrate 
P-naphthyl acetate in an insecticide-susceptible and resistant field strains of Culex quinquefasciatus.
(Fig. 4.2) were also more variable in field strains compared to LABref and shifts in 
frequencies in treated field strains compared to the non-treated field strain (FIELDref) 
were evident.
After three generations o f selection with malathion, susceptibility was 
significantly reduced in adult females treated with a diagnostic dose of malathion (LD50 
of MIX) (Table 4.4). Resmethrin resistance also increased in each successive 
generation o f malathion selection, but variations were not statistically significant. 
Peroxidase activity did not vary significantly between generations under malathion 
selection, but esterase activity was significantly increased and sensitivity o f AChE to 
malaoxon decreased significantly between the parental strain and subsequent 
generations. The increase in esterase activity occurred as a result o f a shift in the 
frequency o f individuals expressing high levels of esterase activity and variations in 
AChE inhibition were also noted (Fig. 4.3).
No significant effect on malathion resistance frequency was measured following 
resmethrin selection, but frequencies o f resmethrin resistance were significantly 
reduced (2-fold) by the second generation (Table 4.4). Peroxidase activity was 
significantly increased with resmethrin selection and a noticeable shift in the frequency 
of peroxidase activity levels occurred (Fig. 4.4). Esterase activity decreased 
significantly and AChE inhibition increased significantly following resmethrin 
selection.
Discussion
High levels of malathion resistance can occur in field populations o f  Cr. 
quinquefasciatus in southern Louisiana. Resistance to OPs, including malathion, is
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Table 4.4. Percent mortality at diagnostic doses of malathion and resmethrin, enzyme activity levels, and inhibition of AChE 
by malaoxon in insecticide-selected and nonsclccted strains of adult Culex quinquefasciatus from Louisiana1.
Strain % Mortality2 Peroxidase3 Esterase'» % AChE5 
InhibitionMalathion Resmethrin a-NA P-NA
MIX 48.0" 53.3s 13.82 (2.76)s 75.62 (32.96)b 90.28 (38.9 l)b 76.37(5.16)“
MIXmal FI 38.7ab 46.7s 13.45 (12.33)8 80.72 (21.21 )b 94.36 (27.99)b 74.24 (4.4 l)sb
MIXmal F2 36.0sb 38.7s 15.18 (3.26)s 91.54(10.28)“ 103.03(13.13)sb 75.48 (4.29)“
MIXmal F3 25.3b 34.7s 14.38 (4.29)s 102.02 (7.62)“ 113.90(10.04)“ 73.08 (3.35)b
MIX 48.0“ 53.3s 13.82 (2.76)c 75.62 (32.96)“ 90.28 (38.91)“ 76.37 (5.16)c
MIXres FI 58.7s 33.3b 16.03 (3.69)b 67.04(11.19)sb 84.43 (16.08)sb 79.79 (3.60)b
MIXres F2 56.0s 26.7b 19.93 (1.14)s 61.60 (7.00)b 73.46 (9.4 l)b 81.85 (3.03)“
MIX 48.0s 53.3s 13.82 (2.76)sb 75.62 (32.96)“ 90.28 (38.9 l)sb 76.37 (5.16)b
MIXnon FI 53.3s 50.7s 13.55 (7.66)sb 77.32 (27.17)“ 100.10(43.41)“ 76.53 (6.3 l)b
MIXnon F2 58.7s 57.3s 12.08 (1.31)b 65.31 (29.88)sb 83.15 (35.93)sb 79.49 (4.05)sb
MIXnon F3 60.0s 54.7s 15.06(3.31)“ 59.37 (23.85)b 80.01 (31.84)b 78.03 (4.30)“
1 Activities were measured in individual adult mosquito assays (n=50) for a parental field strain (MIX) and subsequent generations either
selected for malathion resistance (MIXmal F1-F3), resmethrin resistance (MIXres FI-F2), or removed from insecticide selection (MIXnon FI-F-3). 
Values followed by the same letter within each column arc not significantly different (Tukey’s P  = 0.0S).
2 Mean percent mortality calculated from 3 replicates o f  23 adult female mosquitoes treated with either 1. 14 pg / insect o f malathion or 0 .0 1 pg / insect 
o f  resmethrin.
3 Mean peroxidase activities (± SD) expressed as activity (absorbance) min ' 1 mg protein'1.
4 Mean esterase activities (± SD) towards a-naphthyl acetate and P-naphthyl acetate expressed as activity (absorbance) min ' 1 mg protein'1.
3 Percent AChE inhibition calculated as l-(AChE activity with malaoxon / AChE activity without malaoxon) X 100.
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Figure 4.3. Frequency histograms for esterase activity (expressed as activity min*1 mg 
protein*1) towards the substrate a-naphthyl acetate (A) and percent inhibition of AChE 
by malaoxon (B) in a parental (MIX) and malathion selected strain (MIXmal) of Culex 
quinquefasciatus.
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Figure 4.4. Frequency histogram for peroxidase activity (expressed as activity min'1 
mg protein1) in a parental (MIX) and resmethrin selected strain (MIXres) of Culex 
quinquefasciatus.
81
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
commonly found in Cx. quinquefasciatus and has been related to the presence of 
enhanced esterase activity and reduced AChE sensitivity (Hemingway et al. 1986, 
Raymond et al. 1987, Bisset et al. 1990). In local populations of Cx. quinquefasciatus,  
malathion resistance appears to be multifactorial involving both elevated esterase 
activity and reduced AChE sensitivity.
Enhanced esterase activity has been associated with OP, carbamate, and 
pyrethroid resistance in over 50 arthropod species (Devorshak and Roe 1998). In Cx. 
quinquefasciatus, elevated esterase levels are commonly found in malathion-resistant 
populations (Raymond et al. 1987, Wirth et al. 1990, Bisset et al. 1990, Bisset et al.
1995). Esterases exist in numerous forms and in Culex mosquitoes, electrophoretic 
mobility and the affinity of the enzymes for either the a-NA or P-NA substrates has led 
to a classification o f specific esterases (Hemingway and Karunaratne 1998). O f the 
esterases known to occur in Cx. quinquefasciatus, Estpi, Esta2, and Estp2 have been 
frequently correlated with OP and carbamate resistance and have been shown to operate 
by sequestering (rapidly binding and then slowly releasing the metabolites) the 
insecticides (Raymond et al. 1987, Magnin et al. 1988, Wirth et al. 1990, Karunaratne 
et al. 1993, Karunaratne and Hemingway 1996).
The esterase, Esta2, is in complete linkage disequilibrium with Estp2 and both 
genes exist on the same amplicon resulting in individuals expressing elevated esterase 
activities towards both the a -  and P-NA substrates (Rooker et al. 1996, Vaughan et al.
1997). In the present study, all assays were performed on the same individuals within 
each strain and relationships between the expression o f different mechanisms could be 
assessed. There was a strong correlation (r2 > 0.97) between individual esterase
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activities toward the substrates a-N A and P-NA for ail field strains. The strong 
correlation between individuals expressing enhanced esterase activities towards both 
substrates suggests that Esta2 and Estp2 are the primary esterases occurring in local 
Cx. quinquefasciatus populations. Additionally, Wirth et al. (1990) and Karunaratne 
and Hemingway (1996) demonstrated that increased levels o f malathion resistance in 
laboratory strains o f Cx. quinquefasciatus were related to an increase in the 
Esta2/Estp2 mechanism and conferred cross resistance to other OP and carbamate 
insecticides. The coamplified esterases were also completely inhibited in the presence 
o f DEF (Wirth et al. 1990).
The significantly high levels o f malathion resistance remaining in the presence of 
DEF suggests that resistance mechanisms, in addition to elevated esterases, are 
involved. This is supported by the significantly lower levels o f AChE inhibition found 
in malathion-resistant populations. Reduced AChE sensitivity to OP inhibition has 
been shown to occur in Cx. quinquefasciatus and the closely related species Cx. pipiens 
both alone and, more commonly, in association with elevated esterase activity (Bisset et 
al. 1990, Bonning and Hemingway 1991, Rodriguez et al. 1993, Wirth and Georghiou
1996). In this study, selection for malathion resistance increased esterase activity while 
AChE sensitivity decreased. Similar results have been reported in other studies and 
reduced sensitivity o f AChE has been shown to confer cross-resistance to a number of 
organophosphates and carbamates (Bonning and Hemingway 1991, Karunaratne and 
Hemingway 1996, and Wirth and Goerghiou 1996). Rodriguez et al. (1993) found both 
resistance mechanisms in field populations o f Cx. quinquefasciatus in Cuba but 
demonstrated that there was no linkage disequilibrium suggesting that the mechanisms
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are not genetically linked. This agrees with the findings o f this study in which both 
mechanisms increased in frequency during malathion selection but levels o f expression 
were poorly correlated (r2 = 0.01) indicating that high esterase activity and the lowest 
levels of AChE sensitivity are not necessarily occurring in the same individuals.
Rodriguez et al. (1993) also demonstrated that expression o f both mechanisms 
decreased in the absence of malathion selection, but stabilized at relatively high 
frequencies. This stability may explain the relatively high levels o f malathion 
resistance found in RES, which has be treated solely with resmethrin for the past 10 
years, but was treated with malathion during the previous 10 years. Both resistance 
mechanisms were also found in insects from FIELDref, the non-insecticide treated field 
site, suggesting that resistant individuals are migrating into untreated populations or 
other environmental stresses like the polluted larval habitats are selecting for the 
resistance mechanisms. In any case, the frequent occurrence and stability o f the 
elevated esterase and insensitive AChE resistance mechanisms in populations not 
currently exposed to the insecticide suggests the potential for rapid development of 
resistance if  applications o f malathion or perhaps other OPs are initiated.
In contrast to malathion, resmethrin resistance levels in populations o f Cx. 
quinquefasciatus were relatively low. Resmethrin resistance in Cx. quinquefasciatus 
has not been documented in the literature, but resistance to other pyrethroids and 
reduced control with resmethrin during field trials o f  the insecticide have been reported 
(Halliday and Georghiou 1985, Groves et al. 1994, Chandre et al. 1998, Kasai et al.
1998). Permethrin resistance in Cx. quinquefasciatus has been related to enhanced 
MFO activity and the presence o f a kdr-type mechanism (Halliday and Georghiou
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1985, Groves et al. 1994, Chandre et al. 1998, Kasai et al. 1998). In populations o f the 
mosquito, resistance to resmethrin appears to be related to enhanced oxidase activity as 
evidenced by the complete synergism o f resmethrin with the oxidase inhibitor PBO. 
There was also a strong correlation (r2 = 0.97) between resistance levels and peroxidase 
activity levels, however, additional studies of age-related effects on resmethrin 
resistance found that the peroxidase assay did not effectively predict variations in 
resmethrin resistance (Chapter 5). This assay is an indirect indicator of general 
hemoprotein and free heme levels and caution should be used in interpreting results.
Resmethrin resistance in samples o f Cx. quinquefasciatus may also be affected 
by elevated esterase activity associated with malathion resistance. Seasonal studies of 
resmethrin resistance patterns suggested a relationship between the frequency of 
malathion applications and resmethrin resistance levels (Chapter 2). Additionally, 
selection with malathion, resulting in enhanced esterase activity, increased resmethrin 
resistance levels in MIXmal. Resmethrin toxicity was also synergized by DEF, but the 
inhibitor has been shown to inhibit oxidases at high concentrations (Scott 1990). The 
apparent effect of malathion selection on resmethrin resistance does suggest possible 
cross-resistance. Elevated Culex esterase activity due to OP selection has not been 
previously associated with pyrethroid resistance, but pyrethroid-malathion cross­
resistance was found in Cuban Cx. quinquefasciatus selected with the pyrethroids 
deltamethrin and lambda-cyhalothrin and esterase activity was the suspected 
mechanism (Bisset et al. 1997, Bisset et al. 1998, Hemingway and Karunaratne 1998). 
The possible interaction o f malathion and resmethrin resistance and the common use of 
both insecticides in local MADs warrants further study.
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In summary, the results o f this study suggest that elevated esterase activity and 
reduced AChE sensitivity are the major mechanisms associated with malathion 
resistance in local populations o f Cx. quinquefasciatus. Both mechanisms appear to be 
present in all field populations regardless o f current or previous insecticide treatment 
strategies. This suggests that malathion resistance could occur rapidly under direct 
selection with the insecticide. Resmethrin resistance also occurs, but at considerably 
lower levels than those observed with malathion. Enhanced oxidase activity appears to 
be the primary mechanism involved in resmethrin resistance but esterase activity may 
also have an effect. Finally, while not definitive proof o f the role o f the detected 
mechanisms in malathion and resmethrin resistance, the strong relationships 
demonstrated between insecticide resistance levels and resistance mechanisms as 
detected in the assays suggests that these tests may be effective tools for the detection 
and monitoring o f specific resistance mechanisms in local populations o f Cx. 
quinquefasciatus (Brogdon 1989, ffrench-Constant and Roush 1990, Scott 1990).
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CHAPTER 5 
THE EFFECTS OF BIOLOGICAL AND LIFE HISTORY CHARACTERISTICS 
ON THE EXPRESSION OF MALATHION AND RESMETHRIN RESISTANCE
IN CULEX QUINQUEFASCIATUS
Introduction
In Louisiana, adult Culex quinquefasciatus Say, are targeted by the ultra-low- 
volume (ULV) application of either organophosphate (OP) or pyrethroid insecticides. 
The OP malathion and the pyrethroid resmethrin are the two insecticides most 
commonly employed by mosquito abatement districts (MADs) in the southern parishes. 
However, reduced control of adult Cx. quinquefasciatus has been reported from field 
trials of the two insecticides and bioassay results indicate that resistance may be a 
factor (Groves et al. 1994, Meek and Meisch 1997, Chapter 2). Reduced control related 
to insecticide resistance could have a significant impact on local MADs facing limited 
insecticide options, public health issues, and budgetary constraints in their control 
operations. In response to concerns of insecticide resistance, the Louisiana Mosquito 
Control Association (LMCA) has initiated a program designed to evaluate and monitor 
insecticide resistance levels in local MADs with the ultimate goal of implementing 
effective resistance management tactics.
Knowledge of the type and frequency of insecticide resistance mechanisms is 
fundamental for the implementation o f effective resistance management tactics 
(ffrench-Constant and Roush 1990). Recent studies of adult Cx. quinquefasciatus in 
Louisiana have identified several potential resistance mechanisms through the use of 
synergists and biochemical assays (Chapter 4). Of particular interest are the 
biochemical assays which, coupled with insecticide bioassays, can be utilized by
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MADs to estimate both the intensity and frequency o f resistance mechanisms in local 
mosquito populations and could ultimately be employed to monitor the efficacy of 
insecticide applications and resistance management tactics (Brown and Brogdon 1987, 
ffrench-Constant and Roush 1990).
Biochemical assays that detect the physiological mechanisms associated with 
insecticide resistance can be modified for field use and can provide valuable insight 
into the impact of specific resistance mechanisms on control operations (Brown and 
Brogdon 1987). All o f these assays utilize model substrates for the colorimetric 
measurement of enzyme activity or inhibition and, while not a direct measure o f the 
enzyme’s interaction with the insecticide, numerous studies have demonstrated a 
relationship between elevated enzyme activity with these substrates and resistance to 
OPs and pyrethroids in mosquitoes (Hemingway et al. 1986, Raymond et al. 1987, 
Brogden et al. 1988, Brogden 1989, Grant et al. 1989, Dary et al. 1990, Brogdon et al.
1997). To reduce variation or to focus on the developmental stage o f interest, the 
majority of studies utilizing these techniques test individuals or pools of individuals 
with similar biological or life history characteristics (e.g., larvae or 3-5 day old non­
blood fed females). However, differential expression of resistance may occur between 
larvae and adults, and field populations vary in their composition regarding biological 
and life history characteristics such as sex, age and blood feeding. These variations 
may impact resistance, expression o f resistance mechanisms, and their subsequent 
detection by biochemical assays.
The majority o f research on insecticide resistance and resistance mechanisms in 
Cx. quinquefasciatus has focused on the larval stage. In most countries, control o f Gt.
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quinquefasciatus targets the larval stage and involves the application of conventional 
OP, pyrethroid, or organochlorine insecticides to the larval habitats, while adults are 
managed through the use o f insecticide impregnated bednets and repellents (Subra 
1981, Peiris and Hemingway 1993, Rodriguez et al. 1993, Lee and Chong 1995). In 
Louisiana, larval habitats are treated with biological insecticides based on the bacteria 
Bacillus thruingiensis var. israelinsis Berliner, and B. sphaericus Meyer and Neide, 
while adults are the target o f conventional insecticides and, therefore, the life stage in 
which OP and pyrethroid resistance is o f concern (WHO 1992, Marten and Bordes 
1993, and Meisch 1993). Insecticide resistance in larval Cx. quinquefasciatus is often 
assumed to relate to resistance in adults and some researchers have combined larval 
insecticide assays with biochemical assays o f adults (Steelman & Devitt 1976, Villani 
et al. 1983, Ferrari and Georghiou 1990). The expression o f resistance may not be 
consistent between life stages as illustrated by Anopheles arabiensis L., which displays 
malathion resistance and elevated esterase activity in adults but not larvae (Hemingway 
1983). If  significant variations in resistance exist between larval and adult Cx. 
quinquefasciatus, then erroneous conclusions may be drawn if  tests involving larvae are 
assumed to reflect the resistance levels or resistance mechanisms found in adults. 
Conversely, if  no significant differences occur between life stages, then standardized 
larval insecticide bioassays, which are faster, less expensive, and would allow 
comparisons o f results in other countries, could be utilized by local MADs (WHO 
1981).
Another biological characteristic that should be evaluated for its effect on the 
expression o f resistance is gender. Their nuisance and vector status make female Cx.
94
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
quinquefasciatus the ultimate target o f mosquito control operations, but males are also 
impacted by insecticide applications. Variations in insecticide resistance and resistance 
mechanism expression between the sexes could presumably affect the genetic 
composition o f subsequent generations particularly if the mechanisms are sex linked 
(Peiris and Hemingway 1993). Additionally, if no variations exist, males could be 
utilized in resistance assays when limited numbers of females are available.
Variations in the expression o f resistance and resistance mechanisms in Cx. 
quinquefasciatus due to age could also affect adult control and the detection of 
resistance mechanisms. Insecticide assays and resistance mechanism assays involving 
adult mosquitoes typically use one to five day old females (Dary et al. 1990, Ferrari and 
Georghiou 1990, Lee and Chong 1995). Field populations o f Cx. quinquefasciatus are 
comprised o f individuals o f various ages, and an increase or decrease in resistance 
expression could occur with age (Black and Moore 1996). In field samples o f  Aedes 
aegypti L., Mourya et al. (1993) found that esterase and acetylcholinesterase activity 
remained constant with age, however, Rowland and Hemingway (1987) found that 
levels o f  malathion resistance in Anopheles stephensi (Liston) decreased 7-fold in the 
first five days o f adulthood and was related to a decrease in esterase activity.
A final characteristic that could affect resistance expression in field populations 
is the blood meal. Eliason et al (1987) found that resmethrin susceptibility was 
significantly reduced in Gc. pipiens L., Culiseta melanura (Coquillett), and Ae. aegypti 
following a blood meal and malathion susceptibility in Cx. pipiens was also affected. 
Lassiter et al. (1996) demonstrated that juvenile hormone esterase and nonspecific 
esterase activity in Cr. quinquefasciatus increased following a blood meal, but a
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relationship to resistance was not evaluated. Despite the lack o f information on the 
effect o f the blood meal on insecticide resistance, guidelines for resistance monitoring 
in mosquitoes have recommended using blood engorged females to verify the 
occurrence of insecticide resistance in field populations (Brown 1986).
All of these biological and life history characteristics could impact the 
expression of insecticide resistance in Cx. quinquefasciatus and subsequently affect 
control operations and the detection of resistance mechanisms utilizing biochemical 
assays. To gain insight into the dynamics o f insecticide resistance in field populations 
o f Cx. quinquefasciatus, the effects o f biological and life history characteristics should 
be evaluated. The objective of this study was to determine the influence of 
developmental stage, sex, age, and blood feeding on malathion and resmethrin 
resistance and the expression o f resistance mechanisms in Cx. quinquefasciatus.
Materials and Methods
Mosquito Colonies
Field collections o f larval Cx. quinquefasciatus were made from a septic ditch in 
Vermilion parish (MIX). This site has been treated with a tank mix of malathion and 
resmethrin for over 10 years and, in previous studies, mosquitoes from this location had 
significant levels of resistance to both malathion and resmethrin (Chapter 2). An 
insecticide-susceptible reference strain (LAB) was established from samples of Cx. 
quinquefasciatus colony located at the John A. Mullrennan Sr. Arthropod Research 
Laboratory in Panama City, Florida.
Eggs and larvae were placed in white enameled metal trays (30 x 20 x 5 cm) 
and were covered with wood-framed screens to prevent oviposition by escaped females.
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Approximately 500 larvae were placed in trays containing 750 ml o f deionized water. 
Larvae were fed a 2:1 mixture of finely ground fish (TetraMin®) and dog (Gaines 
Cycle Light®) food and the water was changed a minimum o f three times per week. 
Pupae were separated and placed in plastic emergence containers filled with deionized 
water within 30 x 30 x 30 cm metal and mesh rearing cages (Bioquip®, Lanham, MD).
Adults were continually supplied with a sucrose (10%) and water solution and 
were blood-fed as needed. The LAB colony was blood-fed on cotton pads soaked with 
citrated cow blood while the field sites were fed on quail, Colinus virginianus L., 
maintained at the East Baton Rouge MAD headquarters. However, for assays on the 
effect of blood-feeding, both colonies were fed on quail. A temperature of 27 ± 3°C 
and a relative humidity o f 60-70% were maintained. A light source controlled by a 
timer-driven rheostat was used to simulate dusk and dawn and provided a 12:12 
(light:dark) photoperiod.
Chemicals
Technical grade malathion (96%) and malaoxon (96.9%) (Cheminova 
Inc.,Wayne, NJ) and resmethrin (89%) (AgrEvo Inc.,Montvale, NJ) were donated by 
the respective manufacturers. O-dianisidine, a  and P naphthyl acetate (a-NA and (3- 
NA), a  and P naphthol, 3,3’,5,5’-tetramethyl-benzidine dihydrochloride (TMBZ), 
cytochrome-C (bovine heart), acetylthiocholine iodide (ATCI), and 5,5-dithio-bis(2- 
nitrobenzoic acid) (DTNB), were purchased from Sigma Chemical Co. (St. Louis, 
MO). Chromatography grade acetone was purchased from Fischer Scientific (Fair 
Lawn, NJ).
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Insecticide Bioassavs
Resistance levels in LAB and MIX were evaluated with dose-response assays. 
In bioassays o f adults, samples of the appropriate age (1, 3, 5, 7, 9, 11, 15, 20, 25 day 
old females), sex (3-5 day old males and females), or blood meal status were 
immobilized at 4°C for 3 minutes and then placed on a refrigerated table operating at 
the same temperature. Ranges o f concentrations o f malathion (0.009-20 mM) or 
resmethrin (0.009-0.5 mM) in a 0.5 pi volume of acetone were applied topically to the 
thoracic dorsum using a 25 pi Hamilton syringe and microapplicator, and controls were 
treated with acetone alone. Treatment groups (20 adults per dose for sex and age 
assays and 10 females per dose for the blood meal assays) and replicates (3 per dose per 
colony) were placed in separate containers (mesh covered 0.25 liter paper food 
containers (Fonda®, St. Albans, VT)), provided with sugar-water, and kept in 
conditions identical to the colonies. Mortality was determined at 24 hours post 
treatment and was defined as a lack o f coordinated movement (i.e., inability to fly or 
maintain upright posture).
Larval assays were based on the standard World Health Organization methods 
and involved filling 600 ml glass beakers with 225 ml o f distilled water (WHO 1981). 
To each beaker, 1 ml of an acetone solution containing malathion (0.025 - 3.5 mM) or 
resmethrin (0.001 - 1.0 mM) was added, and controls were treated with acetone alone. 
Each beaker was stirred for 30 seconds and allowed to sit for 10 minutes. Fourth 
instars were separated into groups of 25 and placed in 50 ml glass beakers containing 
25 ml o f distilled water. Larvae were then added to the large beakers by tipping in the
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contents of the 50 ml beakers. Mortality counts were made at 24 hours and larvae were 
scored as dead if  they showed no movement after being probed with a Pasteur pipet.
Bioassay data were analyzed using the PROC PROBIT function o f the 
Statistical Analysis Software (SAS) package (SAS 1989). Differences in LD50S or 
LC50S were considered significant when the 95% confidence limits (C. L.) failed to 
overlap. Resistance Ratios (RRs) were calculated by dividing the LD50 or LC50 o f the 
field strain by the LD50 or LC50 o f  the laboratory reference strain.
Biochemical Assays
Mosquitoes were immobilized at -20°C and homogenized in 150 pi buffer (pH
7.2 0.01M potassium phosphate) with 15 strokes o f an all glass tissue homogenizer 
(Duall®). Homogenates were diluted to 1 ml and transferred to 1.5 ml micro- 
centrifuge tubes. Tubes were centrifuged at 4°C for 5 min. at 10,000g. Supernatants 
were transferred to 12 x 75 mm glass culture tubes and further diluted with buffer to a 
final volume of 2 ml. All homogenates were held on ice and assayed immediately 
following preparation. Due to the interference of the blood meal on the biochemical 
assays, abdomens of all mosquitoes tested in the blood feeding assays were removed 
prior to homogenization (Cordon Rosales et al. 1990).
Oxidase levels were indirectly assayed by measuring the level o f heme- 
containing enzymes (including the cytochrome oxidase enzymes) with the heme 
peroxidase assay o f Thomas et al. (1976) as adapted by Brogdon et al. (1997). In this 
assay, 100 pi of homogenate was added to individual microplate wells followed by 200 
pi TMBZ (100 mg/50 ml methanol/150 ml pH 5.0, 0.25 M sodium acetate buffer; 1.1 
mM final concentration). The reaction was initiated with 25 pi o f 3% hydrogen
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peroxide and absorbance was read at 595 nm following a 10-minute incubation. For 
controls, wells were assayed containing no homogenate and 100 pi buffer (correction 
for nonenzymatic activity) or 100 pi o f cytochrome C (22 pi cytochrome C stock 
solution (10 mg cytochrome C/100 ml pH 5 sodium acetate buffer)/1.2 ml pH 7.2 
potassium phosphate buffer) as a standard. Activity was calculated by dividing the OD 
by the total incubation time and total protein content.
Esterase activity towards the substrates a-NA and P-NA was assayed based on 
the techniques o f Gomori (1953) and van Asperen (1962) with modifications by 
Brogdon et al. (1988). In this assay, 100 pi of a-NA or P-NA substrate solution (56
mg/10 ml acetone/90 ml pH 7.2 potassium phosphate buffer; 1.0 mM final
concentration) was added to 100 pi of diluted homogenate (50 pi homogenate/50 pi pH
7.2 potassium phosphate buffer). Reactions were incubated for 10 minutes at 27°C. 
Following incubations, 100 pi dianisidine in distilled water (0.7 mM final
concentration) was added, incubated for 2 minutes, and absorbance was read at 595 nm. 
Nonenzymatic activity was corrected by substituting 50 pi buffer for the homogenate. 
Activity was calculated by dividing the OD by the incubation time and total protein 
content.
Assays o f AChE activity and inhibition by malaoxon were based on the 
methods o f Ellman et al. (1961) with modifications by Brogdon and Barber (1987). 
Each microplate well received 100 pi homogenate to which 100 pi ATCI (75 mg/10 ml 
acetone/90 ml pH 7.2 potassium phosphate buffer; 0.9 mM final concentration) and 100 
pi DTNB (13 mg/100 ml pH 7.2 potassium phosphate buffer; 0.1 mM final
concentration) were added. Plates were read (405 nm) immediately and following a 20-
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minute incubation. To test for insensitive AChE, an I90 (the concentration o f malaoxon 
required to inhibit 90% of the AChE activity in LAB) o f  maiaoxon (6 6 . 8  pM final 
concentration) was added to the ATCI solution and the same procedures were followed. 
AChE activity was calculated by subtracting the OD at T=20 by the OD at T=0 then 
dividing by the incubation time and total protein content. Percent AChE inhibition was 
calculated as 1-(activity with malaoxon/activity without malaoxon) X 100.
All assays were performed on the same individual mosquito homogenates and 
each homogenate was replicated three times per assay. Total protein content o f  each 
homogenate was determined utilizing the method of Bradford (1976) with a bovine 
serum albumin standard. Statistical comparisons were made utilizing analysis o f 
variance (PROC GLM) and Tukey’s multiple comparison test ( /,=0.05) or t-tests 
(a=0.05) (SAS 1989). Correlation coefficients for the relationships between 
mechanism expression and resistance (LD50S) were calculated relative to each strain 
using PROC CORR (SAS 1989).
Results
Malathion and resmethrin resistance and expression o f resistance mechanisms 
varied between larval and adult Cx. quinquefasciatus (Table 5.1). The RRs for 
malathion in larvae were 2.5 and 6.2 fold lower than those for adult males and females 
in the MIX strain. Additionally, significant variations occurred in the expression of 
esterase activity and reduced AChE sensitivity associated with malathion resistance. 
Esterase activities toward aNA and PNA were significantly higher in LAB larvae when 
compared to either adult males or females o f the same strain. Activity towards PNA 
was also significantly higher in MIX larvae compared to adult males and females, but
101
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
Table 5.1. Malathion and resmethrin toxicities, enzyme activity levels, and inhibition of AChE by malaoxon in larval and 
adult (male and female) Culex quinquefasciatus.
Strain1
&
Stage
Malathion2
RR3
Resmethrin2
RR3 Peroxidase4
(SD)
Esterase5
AChE6
(SD)
% AChE7 
Inhibition
LD/LCjo 
(95% C.L.)
LD/LCso 
(95% C.L.)
a-NA
(SD)
P-NA
(SD)
LAB
Larvae 0.09 — 0.003 7.5a 15.3® 16.4“ 4.4c 92.6b
(0.08-0.10) (0.002-0.003) (1.5) (4.5) (4.2) (5.4) (1.9)
Male 2.37 — 1.45 — 8.6® 11.9 13.1 b 15.3 b 94.2®
(2.05-2.73) (1.29-1.61) (2.4) (3.8) (2.7) (2.9) (1.0)
Female 3.49 — 2.04 — 7.9“ 11.4 12.7b 19.4“ 93.6“
(2.95-4.14) (1.86-2.24) (1.9) (7.1) (7.5) (4.4) (2.3)
MIX
Larvae 2.94 32.7 0.079 26.3 11.4 B 80.2 A 98.6 A 5.4 c 85.7 A
(2.69-3.20) (0.063-0.101) (6.5) (28.1) (33.9) (2.1) (6.9)
Male 193.7 81.7 2.89 2.0 12.6 B 62.2 B 78.5 s 16.0 s 83.1 A
(164.5-226.9) (2.33-3.35) (3.9) (14.6) (18.3) (3.9) (5.8)
Female 704.5 201.9 6.69 3.3 16.3 A 74.5 A 86.2 s 18.6 A 77.0 s
(539.7-1028.9) (6.01-7.60) (4.2) (29.4) (32.1) (7.0) (6.3)
1 Larvae and adult male and female Cx. quinquefasciatwi from an insecticide susceptible laboratory strain (LAB) and an insecticide resistant field strain 
(MIX). Values followed by the same letter within each column, relative to each strain, are not significantly different (Tukey’s P  = 0.0S).
2 Malathion and resmethrin LD50s as ng/mg for adults and LCjoS as mg/liter for larvae.
3 Resistance Ratios (LDJ0 or LC$0 o f MIX / LDJ0 or LC$o o f LAB) relative to sex and developmental stage, calculated from results before rounding to 
one decimal.
4 Mean peroxidase activities (± SD) expressed as activity (absorbance) m in'1 mg protein*1.
3 Mean esterase activities (± SD) towards a-naphthyl acetate and p-naphthyl acetate expressed as activity (absorbance) min*1 mg protein*1.
6 Mean AChE activities (± SD) expressed as activity (absorbance^}) min*1 mg protein*1.
7 Percent AChE inhibition calculated as l-(AChE activity with malaoxon / AChE activity without malaoxon) X 100.
activity towards aNA in larvae was only significantly higher than males. Finally, 
inhibition o f AChE was significantly lower in adult females compared with either 
larvae or males. In contrast to malathion, resmethrin RRs were 13.2 and 8 fold lower in 
adult males and females when compared with MIX larvae. However, peroxidase levels 
were significantly higher in adult females than either larvae or males.
Significant variations in resistance expression occurred between male and 
female Cx. quinquefasciatus. Resmethrin and malathion resistance levels were 
significantly higher in MIX and LAB females compared with males of the same strain 
(Table 5.1). However, with the exception o f AChE activity in LAB, the only variations 
in expression of enzyme activity occurred between MIX males and females. In this 
resistant field strain, mean esterase, peroxidase, and AChE activities were all 
significantly higher and malaoxon inhibition levels were significantly lower in females 
than males (t-test, a=0.05).
The age of female Cx. quinquefasciatus had a significant effect on the 
expression o f resistance and resistance mechanisms. Malathion resistance declined 
significantly by 15 and 9 days post eclosion in the resistant field strain MIX and the 
susceptible laboratory strain LAB, respectively (Fig. 5.1). In MIX, the reduction in 
malathion resistance was moderately correlated (r2 = 0.64 and 0.61 for aNA and PNA) 
with decreased esterase activity (Fig. 5.2). However, reduced esterase activity in LAB 
was not associated with increased malathion susceptibility (r2 = 0.27 and 0.13 for aN A  
and PNA, respectively) (Fig. 5.2). Little variation in AChE inhibition occurred with 
age in either LAB or MIX and was not associated with reduced malathion resistance 
(data not shown).
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Figure 5.1. The effects o f age on malathion resistance levels (LD50S expressed as 
ng/insect) for a resistant field strain (MIX) and an insecticide-susceptible strain (LAB) 
of Culex quinquefasciatus. Bars represent 95% confidence levels for the probit 
analysis.
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Figure 5.2. The effects o f  age on esterase activity (expressed as activity m in'1 mg 
protein'1, towards the substrates a  and p-naphthyl acetate) in a resistant field strain 
(MIX) (A) and an insecticide-susceptible strain (LAB) (B) o f Culex quinquefasciatus. 
Bars with the same letter indicate values that are not significantly different (Tukey’s P
= 0.05).
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Resistance to resmethrin also declined significantly with age in MIX females 
(Fig. 5.3). Resistance levels decreased 1.5 fold from 1 to 7 days post eclosion and 2.2 
fold lower by 20 days post eclosion. Variations in resmethrin resistance also occurred 
in LAB with resistance decreasing 1.7 fold from 1 to 20 days after eclosion. 
Peroxidase activity fluctuated with age but did not follow the decline in resmethrin 
resistance (Fig. 5.3). There was a poor correlation (r2 = 0.07 and 0.31) between 
resistance levels and expression o f these enzymes in MIX and LAB, respectively.
Malathion resistance levels did not vary significantly between blood-fed and 
non-blood-fed MIX females, but there was an increase in malathion resistance levels in 
blood-fed LAB females 24 hours after feeding (Fig. 5.4). By 96 hours post feeding, 
esterase activity levels declined significantly in blood-fed females of both strains (Fig
5.5). Resmethrin resistance levels were not affected by the blood meal in MIX females, 
but again, there was an increase in resistance levels in LAB blood-fed females (Fig.
5.6). The increased in LAB resmethrin resistance was not associated with enhanced 
peroxidase activity as evidenced by the lack of variation in both strains (Fig. 5.7).
Discussion
In Cx. quinquefasciatus, biological and life history characteristics can affect 
resmethrin and malathion resistance and expression o f the associated mechanisms. The 
first characteristic evaluated in this study was a comparison of larval and adult 
mosquitoes. In guidelines for resistance management in mosquitoes, Brown (1987) 
suggests that larval assays are useful predictors o f insecticide resistance in adults. 
Other investigators have also utilized larval bioassays to assess resistance in adult Cx. 
quinquefasciatus (Steelman and Devitt 1976, Ferrari and Georghiou 1990, Chandre
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Figure 5.3. The effects o f age on resmethrin resistance levels (LD50S expressed as 
ng/insect) (A) and peroxidase activity (expressed as activity min" 1 mg protein'1) (B) for 
a resistant field strain (MIX) and an insecticide-susceptible strain (LAB) of Culex 
quinquefasciatus. Bars represent 95% confidence levels for the probit analysis. Bars 
with the same letter indicate values that are not significantly different (Tukey’s P  = 
0.05).
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Figure 5.4. Malathion resistance levels (LD50S expressed as ng/insect) in blood fed and 
non-blood fed females of a resistant field strain (MIX) (A) and a laboratory strain 
(LAB) (B) of Culex quinquefasciatus. Bars represent 95% confidence levels for the 
probit analysis. Bars with an asterisk indicate data to heterogeneous to calculate 95% 
confidence levels.
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Figure 5.5. Mean esterase activity (expressed as activity min'1 mg protein'1) towards 
the substrate (3-naphthyl acetate in blood fed and non-blood fed females o f a resistant 
field strain (MIX) (A) and an insecticide-susceptible strain (LAB) (B) o f Culex 
quinquefasciatus. Bars with the same letter indicate values that are not significantly 
different (Tukey’s P  = 0.05).
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Figure 5.6. Resmethrin resistance levels (LD50S expressed as ng/insect) in blood fed 
and non-blood fed females o f a resistant field strain (MIX) (A) and a laboratory strain 
(LAB) (B) of Culex quinquefasciatus. Bars represent 95% confidence levels for the 
probit analysis.
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Figure 5.7. Mean peroxidase activity (expressed as activity min'1 mg protein'1) in blood 
fed and non-blood fed females of a resistant field strain (MIX) (A) and an insecticide- 
susceptible strain (LAB) (B) of Culex quinquefasciatus. Bars with the same letter 
indicate values that are not significantly different (Tukey’s P  = 0.05).
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et al. 1998). The results o f the present study show that malathion and resmethrin 
resistance levels were significantly higher in both larvae and adults o f the resistant field 
strain compared to a laboratory reference strain. The mechanisms associated with 
resistance were also measured at significantly higher levels in MIX larvae and adults 
than LAB. However, resistance levels and mechanism expression varied significantly 
between the developmental stages and could result in erroneous conclusions if response 
between larvae and adults is assumed to be equivalent. The variations in bioassay 
response between larvae and adults may be due to the different methods of toxicant 
exposure in the two bioassay techniques. Perhaps relative levels o f resistance can be 
correlated in subsequent studies. Additionally, the biochemical assays utilized in this 
study measure a broad spectrum o f enzyme activities (e.g., non-specific esterases) that 
may vary between developmental stages and may be unrelated to insecticide resistance. 
These relationships should be further investigated before larval assays are utilized to 
detect and monitor resistance in adult Cx. quinquefasciatus.
Both LAB and MIX female Cx. quinquefasciatus had significantly lower 
susceptibilities to malathion and resmethrin than males of the same strain. Females 
from the resistant field strain (MIX), also had significantly greater expression of 
mechanisms associated with insecticide resistance. Similar differences in esterase 
activity between males and females were reported by Ferrari and Georghiou (1990) and 
Dary et al. (1990). Additionally, the occurrence of elevated esterase, peroxidase, and 
insensitive AChE in males suggests that these mechanisms are not sex-linked, 
supporting the findings o f Peiris and Hemingway (1993) on the inheritance o f
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resistance genes. From an applied perspective, the results o f these assays suggest that 
males should not be used as indicators of resistance levels in females.
Insecticide resistance and expression o f resistance mechanisms in female Cx. 
quinquefasciatus was affected by age. The toxicities o f malathion and resmethrin were 
significantly enhanced in older females o f both strains. The reduction in malathion 
resistance in MIX females was associated with a reduction in esterase activity. A 
similar reduction in malathion resistance and esterase expression was found in the 
mosquito Anopheles stephensi (Rowland and Hemingway 1987). However, it should 
be noted that the mosquitoes tested in the present study were not allowed to blood-feed 
thereby depriving them of a source of protein. The lack o f protein may have resulted in 
metabolism of soluble proteins including esterases. It is possible that the reduction in 
esterase activity measured in this study may not accurately predict response in the field. 
Also o f  note, decreased peroxidase activities were not associated with the decline in 
resmethrin resistance, which may affect the applicability o f this assay in future field 
studies.
From an epidemiological perspective, age was the most important characteristic 
evaluated. There is no record o f transovarial transmission o f the pathogens vectored by 
Cx. quinquefasciatus. To become infective, females must acquire pathogens in a blood 
meal and then typically undergo an extrinsic incubation period o f 10-15 days (Kettle 
1995). Therefore, infective females would be at least 15 to 20 days old. Resmethrin 
and malathion resistance levels in the laboratory assays were shown to decline 
significantly over time. If this decrease in resistance affects control in the field, then 
older females may be effectively controlled thereby breaking the disease transmission
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cycle. This age-related control effect has been shown to occur in DDT-resistant An. 
culicifacies and An. gambiae (Lines and Nassor 1991).
Age may also affect the detection o f resistance and resistance mechanisms by 
bioassays and biochemical assays. Diagnostic doses or baseline resistance levels 
determined in 1-5 day old mosquitoes might classify older, resistant females as 
susceptible. The same results could occur in biochemical assays used to determine the 
relative levels o f mechanism expression. Classifying resistant females as susceptible 
would mask the resistance present in a population and could allow resistance genes to 
increase undetected. Ultimately this increase in genetic frequency could affect total 
population control levels and may result in erroneous or ineffective resistance 
management decisions.
The final characteristic evaluated was the effect of the blood meal on insecticide 
resistance. Reiter et al. (1990) and Eliason et al. (1990) found that resmethrin 
resistance was significantly increased within 24 to 48 hours o f blood feeding in Cx. 
pipiens. Similar results were found in this study in the LAB strain, but not in the field 
strain (MIX). This suggests that, in the field, blood-fed and non-blood-fed females 
respond similarly to insecticide applications and blooded females could be included in 
resistance assays. Unfortunately, the blood meal does affect the biochemical assays 
used to detect resistance mechanisms and abdomens must be removed prior to testing. 
This may have an effect on the levels o f expression and may reduce the utility of these 
females in the mechanism assays (Cordon-Rosales et al. 1990).
In summary, developmental stage, sex, and age, as evaluated in this study, 
affected insecticide resistance and resistance mechanism detection. Additional studies
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o f the impact of these characteristics (particularly age) are required if  realistic 
predictions o f insecticide efficacy and monitoring o f  resistance mechanisms in field 
populations o f Cx. quinquefasciatus are to be achieved.
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SUMMARY AND CONCLUSIONS
Knowledge o f the dynamics and mechanisms o f malathion and resmethrin 
resistance is important for effective management o f the southern house mosquito, Culex 
quinquefasciatus Say, in Louisiana. In this study, malathion and resmethrin resistance 
levels were measured in several populations o f Cx. quinquefasciatus, and temporal and 
geographic variations in resistance were evaluated. Potential resistance mechanisms 
were also investigated by first assessing the suitability o f model substrates for the 
detection o f elevated esterase activities associated with malathion resistance and then 
conducting synergist and biochemical assays to detect additional malathion and 
resmethrin resistance mechanisms. Finally, the effects o f biological and life history 
characteristics on the expression of resistance and resistance mechanisms were studied.
Significant levels o f resistance to malathion and resmethrin were measured in 
insecticide treated field populations o f adult Cx. quinquefasciatus compared with a 
laboratory and non-treated field strain. Malathion resistance ratios (RRs) ranged from 
10.5 to 284.6 in insecticide treated field populations while resmethrin RRs were 
considerably lower, ranging from 1.8 to 7.1. Malathion and resmethrin RRs were 
poorly to moderately correlated (r2 = 0.25 to 0.72) with the frequency o f  application of 
the respective insecticides. Resmethrin RRs were also moderately correlated (r2 = 0.67) 
with malathion applications in one population (MALjd2) suggesting the possibility of 
cross-resistance between the two insecticides. Resistance to both insecticides varied 
during the active control season and resistance levels were significantly different 
between populations sampled within the same mosquito control districts. The results of 
this study suggest that insecticide resistance may be a factor in reduced control of Cx.
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quinquefasciatus and support the need for monitoring strategies that consider the 
dynamic nature o f resistance in local populations o f the southern house mosquito.
Resistance to malathion was associated with increased esterase activity and 
reduced acetylcholinesterase (AChE) sensitivity. Esterase activities toward the 
conventional model substrates a  and P-naphthyl acetate were strongly correlated (r2 = 
0.83 and 0.81, respectively) with malathion resistance levels in field populations of Cx. 
quinquefasciatus. Additionally, the toxicity o f malathion was significantly enhanced in 
the presence o f  an esterase inhibitor (DEF). Also associated with malathion resistance 
was reduced AChE sensitivity, and the frequency o f both elevated esterase activity and 
reduced AChE sensitivity increased with malathion selection in the laboratory. The 
detection o f these resistance mechanisms in local populations o f Cx. quinquefasciatus 
suggests that malathion resistance may result in cross resistance with other 
organophosphate and carbamate insecticides. Additionally, the presence of these 
mechanisms in non-treated and resmethrin-treated populations suggests that high levels 
of malathion resistance could occur rapidly under field selection with the insecticide.
Resmethrin resistance levels were lower than those measured with malathion, 
and resistance to this pyrethroid was associated with increased oxidase activity. 
Resmethrin toxicities were significantly enhanced in the presence o f an oxidase 
inhibitor piperonyl butoxide (PBO). Additionally, significantly higher levels of 
peroxidase activity were measured in resmethrin resistant field populations than a 
laboratory and non-treated field strain and peroxidase levels increased significantly with 
resmethrin selection. Increased peroxidase levels are an indirect indicator of enhanced 
oxidase activity, and have been associated with pyrethroid resistance in mosquitoes.
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However, the low levels o f resmethrin resistance and the enhanced toxicity o f this 
insecticide in the presence of PBO suggests that the PBO synergized formulations of 
resmethrin used in the field may suppress the expression and development o f resmethrin 
resistance in local populations o f Cx. quinquefasciatus.
Finally, the effects of developmental stage, sex, age, and blood feeding on 
malathion and resmethrin resistance expression were evaluated. Significant variations 
in resistance and expression o f resistance mechanisms occurred between larvae and 
adults suggesting that the practice of using larval response as an indicator o f resistance 
in adults is not prudent. Resistance levels and expression o f the mechanisms associated 
with resistance also varied significantly between male and female adults. These 
variations may affect the frequency of resistance genes in a population and suggest that 
males should not be used as indicators of resistance levels in females. In female Cx. 
quinquefasciatus, malathion and resmethrin resistance levels declined significantly with 
age and were associated with a decrease in esterase activity. Results o f this study 
indicate that biological and life history characteristics can have significant effects on the 
expression of insecticide resistance and suggests that their impact on field control 
should be further evaluated.
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